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Abstract
A B S T R A C T
Using complexing-agent assisted sol-gel routes, mixed Pd/ceria-alumina and 
Pd/terbia-ceria-alumina catalysts were prepared. The materials have been 
characterised by means of ICP-MS, TEM, EDX, XPS, XRD, BET, TPR, TPO and 
TPD. Catalytic testing was carried out in a temperature programmed mode as well as 
isothermally, using synthetic exhaust gas mixtures with different air-to-fuel ratios. 
The obtained results were compared with those of traditionally impregnated Pd/ceria- 
alumina and PtRh/ceria-alumina. Evaluating the catalysts potential as three-way 
converters, it has been shown that as a result of the sol-gel preparation chosen, highly 
homogeneous materials were produced. These had (i) much higher oxygen storage 
potential (especially at low temperatures, T «  400 -  500K), (ii) improved metal 
support interactions and (iii) lower CO and propane light-off temperatures (T5o%(CO) 
»  423K, T5o%(C3Hg) «  593K for R > 1). Under fuel-rich conditions an improved low 
temperature NO activity was shown for the ceria-containing materials. This was 
attributed to a ceria-mediated redox mechanism and an improved Pd-ceria interaction 
for these sol-gel-derived samples. The addition of terbia was found to promote the 
catalysts propane activity, especially under fuel-rich conditions. The application of the 
different catalysts as three-way converters has been discussed, with special emphasis 
on their potential during the cold-start period. In a further set of catalytic experiments, 
using less complex gas mixtures, a more comprehensive view of the detailed Pd 
chemistry involved in these new three-way catalysts was obtained.
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L IS T  O F  M O S T  F R E Q U E N T L Y  U SED  S Y M B O L S
TWC three-way converter
o s c oxygen storage capacity
PGM platinum group metals
M metal
T temperature
T50% light-off temperature (e.g. temperature at which 50% conversion is reached)
m mass
n molarity
P pressure
V volume
S bet total surface area
0j average pore diameter
g gram
K Kelvin
ft3 cubic foot
Pa Pascal
psi pound-force per square inch (1 psi = 6.89 kPa)
eV electron volts
ppm parts per million
wt% weight %
MPD 2-methylpentane-2,4-diol
ASB aluminium secondary butoxide
AIP aluminium isopropoxide
acac acetylacetonate
MFC mass flow controller
FWHM full with half maximum
rsd standard deviation
C h a p te r  1:
IN T R O D U C T IO N
Chapter 1 -  Introduction
1.1 B a ckgrou n d  and  aim s o f  p ro je c t
Automotive exhaust gases are a major source of atmospheric pollution, especially as 
the number of vehicles continues to increase (see Figure 1.1). In the last twenty years 
improvements have been made concerning the exhaust gas quality, as the emission 
control legislation has been increasingly tightened [1] (see Table 1.1).
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Figure 1.1: Emission profiles for NOx and CO emissions since 1970 in the UK [2].
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Table 1.1: EU emission regulations [3].
gasoline-veliicles
[g/km]
diesel-vehicles
[g/km]
EU 2 (since 01/01/96)
HC /  NOx 0.5 0.7 (0.9)*
CO 2.2 1.0
PM — 0.08(0.1)*
EU 3 (2000) **
HC /  NOx 0.20 /0 .15 0.56 (0.5 for NOQ
CO 2.30 0.64
PM — 0.05
EU 4 (2005)
HC /  NOx 0 .10 /0 .08 0.30
CO 1.00 0.50
PM — 0.025
*) DI engines **) change o f  cycle, separation o f  HC/NOx for gasoline
HC: hydrocarbons, NOx: nitrogen oxides, CO: carbon monoxide, PM: particles (soot)
Since the early 1970’ s, catalytic converters have been developed to match these 
regulations. For gasoline powered vehicles the so-called ‘regulated three-way 
catalytic converter’ (TWC) soon became state of the art. TWCs allow the 
simultaneous conversion of CO, HCs and NOx, whereby the exhaust’s air-to-fiiel ratio 
is controlled to obtain a steady composition close to imity, as this guarantees optimum 
conversion of all three species (see Figure 1.4, page 10). Active components used are 
platinum (Pt) and palladium (Pd) for CO and HC oxidation and rhodium (Rli) for NOx 
reduction [4,5,6]. Initially, catalysts were mainly composed of Pt and Rh. Pt showed a 
higher poison resistance against lead, sulphur and phosphorus compounds as well as a 
broader operating window in terms of air-to-foel ratios. On the other hand, Pt proved 
to be harmful [7], less resistant to thermal sintering than Pd and, until recently, was 
much more expensive than Pd.
Based on these points and due to the ever tightening emissions legislation, the search 
for different materials went on. It was in the late 1980’s that researchers at the Ford 
Motor Company first developed a Pd-only system to be used in automotive 
applications [8]. Ever since, work on Pd-only catalysts has been aimed at increasing 
their yet limited NOx reduction potential and at understanding the very complex
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reaction mechanisms involved, as Pd is known to undergo very rapid Pd PdO 
transformations [9-15].
Besides the precious metals, commercial TWCs also contain significant amounts of 
base and transition metal oxides, which directly or indirectly participate in the overall 
reaction. One major component is Ce02, mainly known for its superior ability to store 
and release oxygen, depending on the exact exhaust gas composition [11,16,17,18]. 
This is based on cerium’s ability of forming III and IV valent oxides. Even though the 
air-to-fuel ratio is controlled, an absolutely steady exhaust stream composition will 
never be achieved. Additionally, it became apparent that oscillation within a certain 
range could promote the performance of a catalytic converter [11,19]. With the aim of 
improving the so-called ‘oxygen storage capacity’ (OSC) of the catalysts, materials 
like MnOx [20], PrOx [21] and TbOx [22,23] were considered. Bernal et al [22] 
described the oxygen buffering properties of a mixed terbia-ceria system (20:80 
mol%) as being superficial compared to that of pure ceria.
Based on that work, this project aims to evaluate the use of terbia-ceria in Pd/alumina 
TWCs, prepared via novel sol-gel routes. The influence of the sol-gel preparation in 
comparison to traditional methods was also to be examined. A  detailed catalytic and 
non-catalytic characterisation of the prepared materials allowed some clarification of 
the complex overall reaction mechanisms. The results obtained were to be discussed 
in terms of the materials’ potential in real exhaust gas systems as well as in relation to 
the work earned out by others.
1 . 2  E xh a u st ga s com p osition s and th eir en viron m en ta l im pact
[1,24-26]
1.2.1 Hydrocarbons and carbon monoxide
Ideally, fuel combustion should yield only H2O and CO2 (1.1), assuming the fuel is 
free of contaminates, such as sulphur, nitrous or phosphorous compounds.
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C„Hm + (n + !/4in)0 2 -> n C 0 2 + 72m H20  (1.1)
Due to incomplete combustion and partial oxidation (caused by factors such as 
insufficient oxygen supply, poor fuel-air-mixing or inadequate combustion chamber 
geometry) CO and oxygenates are produced. Table 1.2 gives some average exhaust 
gas compositions for gasoline and diesel powered vehicles.
Table 1.2: Compositions and temperatures o f  exhaust streams from gasoline and diesel engines [25].
Component
[Vol-%]
idle
Otto engine Diesel engine
half power
Otto engine Diesel engine
full power
Otto engine Diesel engine
NOx 0.005 - 0.03 0.005 -  0.025 0 .2 5 -0 .3 5 0 .025-0 .08 0 .15 -0 .4 5 0 .0 6 -0 .15
HCs 0 .0 1-0 .0 5 0 .0 05 -0 .06 0 .0 1-0 .0 2 0 .0 1-0 .0 35 0 .0 1 -0 .0 3 0 .0 2 -0 .0 6
CO 2 .0 -4 .5 0 .0 1-0 .0 45 0 .2 -1 .0 0 .0 1 -0 .0 6 2.0 -  5.0 0 .0 35 -0 .2
c o 2 10 .0 -13 .0 <3.5 13 .5 -14 .0 <6.5 1 1 .0 -1 3 .0 < 12.0
h2o < 11.0 <3.0 9 .0 -1 1 .0 <4.0 10 .0 -1 1 .0 <11.0
h2 <1.5 _ <0.5 _ 0 .1 -0 .5
o 2 1 .0 -1 .5 < 16.0 1 .5 -2 .5 <14.0 0 .3 -0 .5 < 10.0
n2 balance balance balance balance balance balance
TfKl 473 - 523 373-473 823 - 923 523 - 823 10 23 -1123 823 - 1023
Hydrocarbons (HC) are H -  C species ranging from C} to C2o, including saturates, 
unsaturates and aromatics, which are considered to be especially carcinogenic. 
Additionally, HCs play an important role in the formation of ground level ozone and 
photochemical smog: f  he exact chemistry of which will be explained later (p.7). In 
terms of catalytic conversion they show very different activities with CHU being most 
difficult to oxidise. The longer the C chain becomes (or the more unsaturated or 
aromatic the HC), the easier the oxidation.
Carbon monoxide (CO) is a colourless and odourless gas which complexes with 
blood haemoglobin and inhibits a sufficient oxygen supply within the human body. 
Serious CO poisoning can lead to muscular paralysis, imp abed vision, defective
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hearing and even death [25]. In the presence of air, CO can be completely and 
exothermally oxidised above 973K (1.2).
CO + / 2 O2 -> CO2 AH = -283 kJ/mol (1.2)
1.2.2 Nitrogen oxides
Whilst HCs and CO originate from the fuel itself, N -  O compounds in automotive 
exhaust gas are mainly developed during combustion by reaction of the two major air 
components O2 and N2 at elevated temperatures. The influence of fuel-bound N can be 
neglected here.
Nitrogen monoxide (NO) or nitric oxide is a colourless and odourless gas, which is 
strongly poisonous if inhaled. NO is formed endothermically from its elements (1.3).
N2 + 0 2 -»  2 NO AH = + 1 8 1  kJ/mol (1.3)
Once formed, it rarely undergoes decomposition, as illustrated in Figure 1.2. Even 
though NO possesses an unpaired electron, it is not known to form N20 2 dimers. In 
contact with 0 2>N 0  is oxidised exothermically (1.4).
T[K]
Figure 1.2: Temperature dependency o f  NO formation and destruction [26].
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NO + xA 0 2 N 0 2 AH = -114kJ/mol (1.4)
Due to the exothermic nature of its formation, N 0 2 production is slowed down and so 
with increasing reaction temperature to 923K no formation at all takes place.
Nitrogen dioxide (N 02) is a red brownish, pungent and toxic gas. In presence of H20  
formation of H N 02 and H N 03 takes place, which shows an oxidising potential. 
Unlike NO, N 0 2 is known to form dimers exothermically (1.5) [26].
2N 02 -»  N20 4 A H < 0  (1.5)
At room temperature N20 4 is predominant, whilst above 41 OK pure N 0 2 exists, which 
then decomposes to NO and 0 2 (1.4). The main component of exhaust gas is therefore 
NO, even though NOx denotes both, NO and N 0 2.
Dinitrogen oxide (N20 )  or nitrous oxide is a colourless, sweet smelling gas, which is 
metastable and decomposes into the elements above 873K (1.6). N20  is used as a 
narcotic and is known as ‘ laughing effect’ .
N20  ©  N2 + V2 O2 AH = -82 kJ/mol (1.6)
Besides their toxicity, NOx and N20  play key roles in some major environmental 
issues. Together with SOx compounds, NO and N 0 2 act as precursors in the formation 
of acid rain. NO also represents a key factor during the development of photochemical 
smog. It initiates a reaction in which NO, CO, CH4 and other HCs are oxidised (1.7).
NO + CO + 0 2 -> C 02 + N 0 2 (1.7)
By the action of light, N 0 2 splits into NO and an oxygen flee radical (1.8) which then 
reacts with 0 2 to form ozone (1.9).
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h\ (> t < 4 0 0 n m )
N 0 2 -> NO + O  (1.8)
0* + 0 2 -> 0 3 (1.9)
In contrast to NOx, N20  in the atmosphere is very stable (Ti/2 = 150 years). It 
contributes -5 %  to the greenhouse effect (i.e. the warming up of the atmosphere) and 
is also known to play a role in the destruction of the stratospheric ozone layer [27]. So 
far, N20  emission levels are not regulated through legislation, but limits are being 
discussed.
1.3 C atalytic con v ersion  o f  au tom otive exh a u st g a s
1.3.1 The three-way catalytic converter (TWC)
Figure 1.3: Basic principle o f  a three-way catalytic converter [28],
(i) Working principle [1,25]
As indicated by the name, the three-way catalyst (TWC) simultaneously converts CO, 
HC and NOx. CO and HC undergo oxidation, with usually either 0 2 or NO as the 
corresponding oxidising agent:
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C„Hm + (n + '/im) O2 1 1 CO2 + V2IT1 H2O (1.1)
C„Hm + (2n+%m)NO 1 1 CO2 + x/4m H2O + (n+%m)N2 (1-10)
CO + $202 -> C 02 (1.2)
CO + NO -> C 0 2 + Y2N2 (1.11)
Water produced during HC oxidation (1.1, 1.10) can further participate by oxidising 
either HCs or CO via the water-gas-shift (1.12) and steam-reforming (1.13, 1.14) 
reactions [29].
CO + H20  C 0 2 + H2 (1-12)
C„Hm + 2n H20 -> n C 0 2 + (2n + 1/2m)H2 (1.13)
CnHm + nH20  n CO + (n + 'A m )^  (1.14)
In addition to the two reactions cited above (1.10, 1.11), NO can also react with H2 
(1.15), which originates from the water involving reactions (1 .12 -1 .14).
NO + H2 H20  + Y2N2 (1.15)
Besides complete reduction to N2, NO can be only partially reduced to N20  or react 
with HC or H2 forming NH3.
Even though all the reactions described take place in parallel, one of the main keys to 
an efficient TWC remains the CO -  NO cross-connection (1.11), as its probability is 
highly dependent on the overall 0 2 content of the gas stream. It is therefore necessary 
to assure a constant air-to-fuel ratio in the stream, which should be close to 
stoichiometric.
As a measure for the air-to-fuel ratio, the A,-factor has been defined as the ratio of the 
available volume of air to the theoretical amount of air acquired for complete 
combustion. For X to be 1, requires approximately 14 kg of air to react with 1 kg of 
petrol [25].
9/174
Chapter 1 -  Introduction
Figure 1.4 illustrates the dependency of conversion for the three exhaust gas 
components upon the air-to-fiiel ratio. It is clear from this that the optimum working 
range of TWCs is very narrow and covers only ^-values close to unity. To guarantee a 
constant efficiency, state of the art TWCs are fitted with an air control system. An 
oxygen sensor (A.-pro be) in the exhaust stream above the catalyst determines the air 
content that is then adjusted if necessary.
-----------  before catalyst
-----------after catalyst
CO
400-
Figure 1.4: Concentration levels o f  the single exhaust gas components against the A,-factor [25].
(ii) Design of TWCs
Automotive catalysts consist of three major components: monolithic support, metal 
oxide-based washcoat and active metal (see Figure 1.5).
Monoliths are usually made of cordierite (2MgOAl203'5Si0 2), a ceramic material 
that is mechanically and thermally robust and provides a very low thermal expansion. 
Additionally, metal-based monoliths are known. All monoliths consist of a 
honeycomb structure with many parallel channels separated by thin walls. 
Geometrical forms applied within exhaust catalysts are either cylindrical or oval.
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Catalytically active layer
Figure 1.5: Surface structure o f  a coated cell wall in the monolith.
The term washcoat describes the ceramic layer, which is coated onto the monolith and 
acts partly as a physical support for the catalytically active precious metal. It is 
characterised by its high porosity and is usually based on aluminium oxide, but 
zeolites, silica or titania are also used. Additionally, it contains a variety of different 
non-precious metal oxides that play an important role in terms of stability and activity
[30]. The best-known of those is ceria.
The most frequently used precious metals in TWCs are Pt, Rh and Pd. Other systems, 
containing iridium (Ir) [31] and silver (Ag) [32,33] are also known. So far, no 
efficient non-precious metal catalysts have been developed, even though an increasing 
amoimt of research focusses on their application to NOx reduction (DeNOx) under 
fuel-lean conditions.
1.3.2 Tasks in automotive catalysis
Ever since their introduction there has been a steady development and improvement in 
TWCs. State of the art TWCs are highly efficient. But still, there are thither targets 
and problems within exhaust gas treatment that are being constantly addressed.
11/174
Chapter 1 -  Introduction
As the active components of TWCs are precious metals, the search for more economic 
solutions will always go on as well as the improvement of their long-term stability. 
Research is also being carried out to find materials that provide a widening of the X- 
window. This not only improves the TWC’s efficiency, but also allows its use in less 
controllable systems, such as LPG and natural gas fuelled vehicles or two-stroke 
engines.
Another problem in TWCs that is closely related to a broader A,-window, is the tact 
that emissions during the cold-start period constitute the largest part (see Figure 1.6) 
of the overall emissions [34]. The exhaust gas composition at this point is highly rich 
in fuel and the catalyst has not yet reached its working temperature. Solutions here 
may be catalysts with far lower light-off temperatures than present ones, or the 
integration of a HC trap, which allows HC storage during the fuel-rich cold-start 
period. Under iuel-lean conditions the stored HCs will then be oxidised. Certainly, 
catalysts with an efficient oxygen storage and release system will help to lower cold- 
start emissions.
Figure 1.6: Emission levels for a catalyst fitted car during cold-start period, as evaluated during EU 
urban test cycle. Values are set in relation to the overall emission during the cycle [35].
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With regards to engine efficiency, it is well known that gasoline engines that run 
under stoichiometric conditions are far less efficient in terms of fuel consumption and 
energy output than either diesel or gasoline engines that are run in a fuel-lean mode. 
In context with the ever-growing concern over C 02 emissions and their impact on the 
overall greenhouse effect, an increased use of these engine systems would be 
especially favourable. But as shown above (see Figure 1.4), NOx removal under 
oxygen-rich conditions is difficult. One of the main focusses within catalytic research 
is therefore the development of an appropriate NOx reduction catalyst.
1 .4  T he Pd/C e0 2 -T b 4 0 7 -A I 2O 3 system  -  C h em ica l and ca ta lytic  
ba ckgrou n d
1.4.1 Aluminium oxide
Aluminium oxide (alumina) is a very common support for any catalyst and is the most 
popular for automotive applications. It displays a range of properties, which are 
essential for any good support material, such as high surface area, porosity, thermal 
stability and basic surface groups that allow metal incorporation via adsoiption.
Five different naturally occurring Al -  O -  H minerals are known to exist, as well as 
hexagonal a-Al2C>3 (corundum). By dehydrating the different A10xHy compounds, a 
range of transition aluminas with cubic crystallographic structures is obtained. 
However, as a-Al20 3 is the only thermodynamically-stable phase, these transitional 
forms do not occur in nature. In Figure 1.7 the different transition pathways known 
are shown.
However, it is the transitional forms that are used as catalytic support materials; 
y-Al20 3 is the most common. The changes from one form to an other are very 
difficult to predict precisely, and so the y term is often used to designate any of these 
transitional forms showing the general formula A120 3. They contain various 
concentrations of hydroxyl ions and their stoichiometries are not well defined. The
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crystallographic structure of y-alumina is known to be that of a defect spinel with 
octahedral holes occupied, and irregular occupation of the tetrahedral ones (see Figure 
1.8). Based on the stoichiometric formula and the spinel lattice there are some 
remaining imoccupied tetrahedral holes. Corundum on the other hand shows a regular 
hexagonal close-packing without any vacancies. The main differences between the 
single transitional aluminas are based on lower 02-packing densities for the higher 
transitional phases (q -  0) and, in reverse, a higher occupation of tetrahedral holes for 
these phases [36].
*c
100 200 300 400 500 600 700 MO «00 1000 1100 1200
K
Figure 1.7: Different crystallographic phases and transitional states o f  the Al -  O -  H system [37].
Table 1.3: Known Al -  O -  H minerals and their crystallographic designation [37].
Mineral name crystal designation
gibbsite, hydrargillite y-Al(OH)3
bayerite <x-A1(OH)3
nordstrandite Al(OH)3
boehmite y-a i o o h
diaspore a-AlOOH
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The limited thermal stability of the transitional phase aluminas is one of the major 
problems associated with their use in automotive catalysis; exhaust gas temperatures 
easily reach transition temperatures for alumina (see Figure 1.7). However, compared 
with other materials (e.g. titania, silica or zeolites), the hydrothermal stability of y- 
alumina is high [38,39].
Figure 1.8: Alumina spinel structure: open circles indicate oxygen, solid circles are aluminium and x ’ s 
are octahedral holes [37],
Many investigations have involved methods of enhancing the temperature stability of 
y-alumina. Higher thermal resistance can be achieved by using novel synthesis 
techniques like sol-gel [40] or incorporating additional metal cations, which stabilise 
the alumina network. The most promising elements reported are rare earth and earth 
alkaline metals (e.g. barium, lanthanum and cerium [41,42]). The single cations fill up 
the existing vacancies of the crystallographic network and therefore raise the 
temperature required for network reconstruction to a-alumina [42].
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1.4.2 Cerium oxide and terbium oxide
(i) Cerium oxide (ceria)
Even though the effectiveness of ceria in TWCs is well established, the detailed role 
of its activity enhancement is still the subject of competing hypotheses. Besides its 
oxygen storage capacity [16,17], it has been reported to stabilise the alumina 
washcoat [17,43,44], promote the water-gas shift reaction [17,45] and interact 
synergistically with noble metals [11,17,46].
Figure 1.9: Fluorite type crystallographic structure o f  C e02: small circles indicate Gz** , large circles 
are G^“ [51].
The key factor of OSC in ceria is its ability to form tri- and tetravalent oxides. Under 
ambient conditions only Ce02 is stable. It shows a fluorite-type (Calty) 
crystallographic structure (see Figure 1.9). When subject to reduction at elevated 
temperatures, non-stoichiometric oxides are formed (1.16) that retain the fluorite 
structure but oxygen vacancies occur. Due to the lack of phase transition, the matrix 
can be readily re-oxidised [16,17]. Even though this mechanism allows ceria to store 
and release oxygen, research is still being carried out to further improve its capacity. 
Ways to do so were found in the synthesis of cerium oxides with (i) very small 
crystallite sizes or (ii) the introduction of dopant oxides [48]. Both methods aim to 
increase the concentration of network defects, which eventually leads to an increased 
oxygen mobility within the lattice. Remarkable results for CeCk-ZrCb mixed systems 
were found by Fornasiero and co-workers [49,50]. Bernal et al [22] showed that an
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80 : 20 mol% ceria-terbia mixed oxide provides an increased OSC compared to pure 
ceria.
red
Ce02 Ce02„s + ¥& 0 2 (1.16)
(ii) Terbium oxide (terbia)
Besides cerium and praseodymium, terbium (at no. 65) is the only rare earth, which 
displays prominent tetravalent states. It has an electron configuration of 6s2, 4f9, 5d°. 
Terbium(III) oxides are known to exhibit chemiluminescence. Terbia-based systems 
are being tested for their suitability in catalysed methane coupling [52].
The Tb -  O system is very similar to that of Pr -  O, but fewer phases have been 
identified within the Tb203-Tb0 2 composition range [53]. Tb203 possesses a cubic 
structure, whilst Tb02 crystallises in the fluorite structure (as does ceria). Preparing 
terbium oxide via precipitation or decomposition leads to the formation of Tb40 7 
(Tb(III)2Tb(IV)207), referred to as terbia- £he reduction stoichiometry of which is 
given in 1.17.
Tb4Q7 + H2 2 Tb20 3 + H2Q (1.17)
1.4.3 Palladium
Palladium (Pd) is a platinum group metal (PGM), but with an atomic weight of 106 
g/mol it is lighter than Pt. Its predominant oxidation state is +2 and the Pd/Pd2+ 
potential is +1.2V.
The application of Pd in TWCs has steadily increased within the last ten years (see 
Figure 1.10). This can be explained for economic reasons, as until recently the price 
of Pd was far less than that of Pt. Due to the lower molecular weight a higher number 
of active sites are available using an equal amount of precious metal. Additionally,
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there are definite advantages of Pd in terms of its catalytic properties, such as superb 
oxidation activity even under extreme fuel-lean conditions [55] and an increased 
thermal stability (see Figure 1.11), which allows its application in closed coupled 
catalysts [5,10]. These are catalysts, which are fitted close to the engine manifold, in 
order to reach the optimum working temperature much faster, using the heat of the 
engine.
Figure 1.10: Demand o f  PGMs for automotive catalytic converters (in lOOOoz; loz = 0.0283kg) [54].
Figure 1.11: Durability o f  single noble metal catalysts under stoichiometric conditions after severe 
engine ageing for lOOh at 1123K. inlet temperature; Pt: 33g/ft3, Rh: 6.7g/ft3, Pd: 33g/fh 
[5].
P a lla d iu m  
R h o d iu m  
P la tin u m
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The main drawback of the Pd system on the other hand, is its low sulphur- [10,56] and 
lead- [5,12] tolerance, its limited NOx efficiency and its deactivation due to HC 
poisoning under fuel-rich conditions [4,5].
Significant work concerning the interaction of Pd single crystals and oxygen has been 
carried out by Ertl in the late 1960s [57]. This was the fust time that at least three 
different oxygen adsorption states were postulated to exist for the rather complex Pd -  
O system. These are: chemisorbed oxygen, subsurface oxygen and strongly bound 
surface oxide. The three states can be inter-converted, depending on the catalyst 
temperature. This suggests a rather high oxygen mobility in the Pd bulk. The strongly 
bound surface oxide was seen as a transition state between chemisorbed oxygen and 
bulk PdO. Despite the large number of farther investigations, the picture emerging is 
still far from clear, even though the majority of researchers have proved the existence 
of different O -  Pd interaction states, including the formation of subsurface oxides.
These findings, and the fact that Pd still shows oxidation activity under fuel-lean 
conditions, lead to the conclusion that not only Pd but also PdO may be the active 
species [55,58]. Such behaviour is rarely found for other PGMs. It is this PdO-activity 
which is also thought to be responsible for its increased CH4 activity and thermal 
stability [5,10,13,15]. Pd is also known to dissolve large amounts of H2, allowing its 
use as a hydrogenation catalyst [26]. In automotive applications this was found to 
enhance Pd’s activity in water involving reactions, like steam reforming process and 
the water-gas shift reaction (see 1 .12 -1 .15) [4,29].
To overcome known problems regarding the use of Pd in TWCs, research has been 
carried out concerning the addition of rare earth or other non-precious metal oxides 
[4,59]. Of all the rare earth and base metal oxides lanthana was found to significantly 
increase NOx activity, as it is thought to weaken HC adsorption on Pd. It hence allows 
more NOx to adsorb and finally react. For a ftirther improvement of Pd’s oxidation 
properties, especially during the cold-start period, Pd-ceria catalysts have been 
developed and characterised [11,45,60]. The addition of ceria, not only stabilises a 
more oxidised Pd species, but it also improves the overall catalytic activity, partly 
arising from the formation of strong metal-support interactions (SMSI). Due to the 
changing oxidation states of Pd and so-caused differences in activity, oscillating air-
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fuel conditions have been reported to improve significantly the conversion levels of 
all three pollutants [2,11].
1 .5  S o l-g el as p rep a ra tiv e m eth od  in catalysis
Sol-gels represent a method of chemical synthesis of oxides involving hydrolysable 
alkoxides that undergo a sol-gel transition. The definition is often interpreted to mean 
any system undergoing a sol-gel transition, including colloidal sols and soluble salts
[61].
The main advantage of this modern and easy preparative method is the possibility of 
mixing different materials on a molecular level, resulting in a highly homogeneous 
material. Compared to traditional oxide preparations, much lower temperatures are 
applied during sol-gel processing. This is especially advantageous in relation to 
transition aluminas, as an early phase transformation and hence loss of surface area 
can be avoided. Materials prepared from alkoxide precursors also show fewer 
impurities, as alkoxides can easily be purified via distillation.
The different steps involved in any sol-gel preparation are summarised in Figure 1.12. 
Starting from a metal alkoxide ([RO]x-M) dissolved in an organic solvent, 
polymerisation is achieved by the addition of water (1.18, 1.19), which finally leads to 
the formation of a network (1.20 -  1.22). To increase reactivity, basic acids or bases 
can be added that act as catalysts [62].
[RO]x-M  + H20  ->
[RO]x.,-M -O H  + (x -l)H 20  -»
[RO]x_,-M -O H  + [RO]x.,-M -O H  ->
[RO]x-i-M -O H  + M -(O H )x
[RO]x.j-M -O H  + ROH (1.18)
M -(O H )x + (x -l)R O H  (1.19)
[RO]x-1-M -0 -M -[R O ]x.1 + H20  (1.20)
[R O ^ -M -O -M -tO H L j + H20  (1.21)
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M -(O H )x + M -(O H )x +  [H O lx.j-M -O -M -lO H ],.! + H2Q (1.22)
precursor
o 0o
o
o
o
o o °_ oo o
sol 1 solution
gelation
i
colloidal gel network
$
Jl
precipitate
1
drying
xerogel
(evaporation)
aerogel 
(extraction)
sintering
i
cake
Figure 1.12: Simplified scheme o f  a sol-gel process [61,63].
Following hydrolysis not only pure wet-gels are gained, but also partial precipitation 
is possible. A true sol-gel process involves a clear colloidal sol, from which the 
network is built up by gelling. The polymer moeities increase in molecular weight and 
degree of cross-linking, eventually becoming insoluble and forming a gel. The
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enclosed pores still contain the solvent used. By removing the solvent, the wet-gels 
are transformed into aero- or xerogels, depending on the form of solvent removal used 
(xerogel: removing solvent via natural evaporation; aerogel: removing solvent by 
hypercritical evaporation). During a final calcination step dense oxides are produced.
Due to the number of parameters, which can be varied dming any sol-gel preparation, 
the resulting materials can be quite different in their physical properties, such as 
homogeneity, porosity or density. Careful selection of these parameters leads to 
specially tailored materials. Studies concerning the properties of sol-gel derived 
catalysts suggest that differences in their structural [64] and chemical composition 
[65,66] lead to an increase in stability [67,68] and activity. Sol-gel routes are thought 
to enhance the metal dispersion [69] as well as allowing a combination of catalytic 
and ceramic membrane properties [70]. This opens up a range of new possibilities in 
catalyst design.
1 .6  Sum m ary - In trod u ction
Even though much research has been carried out on Pd-based automotive catalytic 
converters, the detailed chemistry involved is not yet completely understood. It has 
been established that Pd -  ceria catalysts provide a range of remarkable properties, 
partly due to the strong metal-support interaction involved. Ceria is also known to act 
as an oxygen storage medium, whose capacity can be increased further by the addition 
of other rare earth metals, such as terbium.
This project aims to investigate the full potential of the Pd/ceria-terbia-alumina 
system as a possible three-way converter. Besides the influence of terbia on the 
overall oxygen storage capacity and reactivity, the impact of the sol-gel preparative 
method on catalytic properties was to be further investigated. Experiments were to be 
performed to gain a more comprehensive understanding of the complex Pd/PdO 
catalytic chemistry.
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Chapter 2 -  Experimental methods of characterisation
2.1 M eth od s in volv in g  adsorption  o r  rea ction  o f  s in g le  p r o b e  ga ses
2.1.1 Introduction -  Review of adsorption theory [1-3]
(i) Physisorption and chemisorption
As physical and chemical adsorption represent the initial step of any catalytic 
reaction, a short introduction on adsorption processes is given here. For all processes 
the adsorbate is defined as the gas which adsorbs on a material, whilst the adsorbent 
describes the solid material on which adsoiption occurs.
Generally, adsorption can be divided into two different types: chemisorption and 
physisorption (see Figure 2.1). Physisorption occurs at temperatures close to the 
boiling point of the adsorbate and involves the formation of van-der-Waals or 
dispersion forces; heats of adsorption are low (i.e. 20 kJ/mol).
physisorption chemisorption reaction
adsorbate 
boiling point
temperature
Figure 2.1: Different types o f  adsorption and their dependence on temperature, finally leading to a 
chemical reaction.
Chemisorption on the other hand takes place at temperatures greater than the 
adsorbate boiling point and involves actual electron transfer, as adsorbate -  adsorbent 
covalent bonds are developed. Generally, the heat of chemisorption is > 40 kJ/mol. 
Figure 2.2 illustrates the thermodynamic differences involved in the two processes.
For chemisorption to occur on a metal surface, the respective metal needs to provide 
one or more unpaired electrons. It was foimd that unpaired d-electrons allow much 
stronger adsorbate -  adsorbent bonds to develop than p or s valence electrons.
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Additionally it has been suggested that d-electrons are necessary to produce a weakly 
held precursor state before the final strong metal-gas bond is developed. The 
availability of this precursor state may serve to reduce the activation energy for 
adsorption to a conveniently low value, while it remains prohibitively high on those 
metals not providing unpaired d-electrons.
Approximate scale
Figure 2.2: Potential energy curves for possible interactions o f  a diatomic molecule A2 with a metal 
surface; (P) stands for physisorption, (C) for chemisorption; the lower part o f  the diagram 
gives an approximate representation o f  the processes [4],
The chemisorption of gases on oxides is more complex than on metals. Adsorption 
can either occur on the metal-cation or the oxygen-ion and depends very much on the 
type of oxide present, i.e. semiconductor or insulator. Semiconductor oxides are 
oxides in which the metal-cation can change its oxidation state. If the metal-cation can 
undergo transition into a higher oxidation state (i.e. loosing of electrons) the oxide is 
classified as p-type semiconductor and if the metal-cation takes on further electrons 
the oxide is an n-type semiconductor. Depending on the type of semiconductor and 
the nature of the adsorbate (e.g. reducing, oxidising) chemisorption occurs to very 
different extents. O2 chemisorption is found to take place far* more extensively on p- 
type oxides (e.g. Ce20 3) than on n-type oxides (e.g. CeCb) and is often leading to 
direct oxidation of the former one. Adsoiption of reducing gases (CO, H2) is
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substantially irreversible on n-type oxides, as it leads to their reduction. By attempting 
desorption of the respective gases only C 0 2 and H20  respectively are obtained [4].
Figures 2.3 (a) and 2.3 (b) show the heats of adsorption of 0 2 and CO respectively on 
different transition metals. A  general sequence concerning the strength of adsorption 
for different probe gases on metals is given in [4]:
0 2 >  C2H2 > C2H4 >  CO > H2 >  c o 2 > N2
(a) 1200
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o
a.o<o•a
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2 400
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o 2
o
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o
A o co a o
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A a
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o 1. Row of elements 
□ 2. Row of elements 
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3 4 5 6 7 8 9 10 11 12 13 14
E le m e n t g r o u p  in P T
(b) 700
o 1. Row of elements 
a 2. Row of elements 
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7 8 9 10 11 12 13 14
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Figure 2.3: Heats o f  adsorbtion o f  0 2 (a) and CO (b) for polycrystalline surfaces o f  elements in the 
periodic table [5].
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Chemisorption is a preliminary step for any catalytic reaction and can be separated 
into two different processes (2.1). The initial step for any chemisorption process 
involves molecular adsorption (1), which then can be partially followed by molecule 
dissociation (2). If molecule dissociation occurs, the overall process is called 
dissociative adsorption.
1 2
ABgas y A B ad  ^ Aad +  B ad (2.1)
For an adsorbate molecule possessing n or lone pair electrons both mechanisms are 
possible, depending on the actual conditions (e.g. T, p, adsorbent, metal dispersion, 
surface coverage). Usually, at lower temperatures molecular adsorption prevails. It is 
only at increased temperatures when (i) the strength of the bond between metal and 
adsorbing component (M -  X) overcomes intermolecular forces, (ii) molecular 
vibrations weaken mtermolecular forces in the adsorbate molecule and (iii) electrons 
in the adsorbent and adsorbate are exited out of the ground state. The produced M -  X  
bond strength ( B m - x )  i s  defined:
Bm-x = 0.5 • (Qx + Dx2) (2.2)
Q x: heat o f  adsorption
D ^ : dissociation energy
For any metal M the sequence of M  -  X  bond strength is [1]:
M - H  < M - C  < M - N  < M - 0
Under ambient conditions, group 8 - 1 0  metals are known to adsorb 0 2, NO, CO and 
H2, but not C 02 and N2. Dissociation occurs extensively for H2, 0 2 and NO. CO and 
N2 tend to dissociate only exceptionally.
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For a heterogeneous bimolecular catalytic reaction to occur it is necessary that at least 
one of the reactants is chemisorbed on the catalyst. Two different mechanisms have 
been postulated, describing the different steps of a bimolecular catalytic reaction. In 
the Langmuir-Hinshelwood (LH) mechanism the reaction takes place by encounters 
between two adsorbed atoms or molecular fragments. In the Eley-Rideal (ER) 
mechanism a gas-phase molecule collides with another molecule already adsorbed.
(ii) Adsorbents and adsorption isotherms [6-8]
The surface coverage during adsorption is dependent on temperature, pressure and the 
nature of both solid adsorbent and gaseous adsorbate. To describe the dependency of 
the surface coverage (0) to pressure or temperature, adsorption isotherms and 
adsorption isobars are used. To give structure to experimental isotherms, Brunauer, 
Deming and Teller set up the BDDT classification based on the six most important 
types of isotherms (see Figure 2.4).
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Figure 2.4: The six types o f  adsorption isotherms in the BDDT classification [7].
The Langmuir isotherm (type I; Equations 2.3/2.4) represents the simplest physically 
plausible isotherm. It is based on three assumptions:
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(i) Adsorption cannot proceed beyond monolayer coverage.
(ii) All sites are equivalent, resulting in a uniform surface.
(iii) The ability of molecules to adsorb at a given site is independent of the 
occupation of neighbouring sites.
Langmuir equation (for non dissociative adsorption):
n _ K-p 
nm 1 + K • p
T_ k rate constant adsorption
with K  = ------ = ---------------------------------------------- -------
k d rate constant desoiption
n: number o f  m olecules adsorbed
nm: number o f  adsorption sites available in monolayer
p : adsorption equilibrium pressure
Langmuir equation (for dissociative adsorption)
i
n K 2 -p
1 i
2 . 2
, T  (2-4)n.
1 + K 2 -p
Following the work of Langmuir, Brunauer, Emmett and Teller (BET) developed a 
theory in the late 1930s, which also included multilayer adsorption (2.5) [9]. They 
based their work on the following assumptions:
(i) In all layers, except the first one, the heat of adsorption equals the
molar heat of condensation.
(ii) In all layers, except the first one, the evaporation -  condensation 
conditions are identical.
(iii) When the applied pressure equals the saturation vapour pressure of the 
adsorbate, condensation leads to the formation of a bulk liquid on the 
surface of the solid.
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BET equation:    = — -— + ——— (2.5)
V( p0- p)  Vm • c Vm -c Po
with V m: m onolayer volum e
V : volum e adsorbed at pressure p
p0: saturation vapour pressure
p: adsorption equilibrium pressure
c: constant expressing adsorption energy
When related to physisorption of N2 at 77K, the six types of isotherms in the BDDT 
classification can be assigned as follows:
Type I: monolayer adsorption or microporous material
Type II: non-porous material
Type HI: non-porous material, weak gas - solid interaction
Type IV: mesoporous material, strong gas - solid interaction
Type V : meso- or microporous materials, weak gas - solid interaction
Type VI: stepped, mainly of theoretical interest
Pores are classified according to their width:
< 2 nm 
2 nm -  50 nm 
> 50 nm
micropores
mesopores
macropores
Based on equation (2.5), the surface area of an unknown solid material can be 
determined, using the experimentally obtained p -  V data. The average molecular 
cross section of N2 is assumed to be 0.1620 nm2 [6].
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2.1.2 Surface area and pore size determination, using N? adsorption
N2 adsorption was carried out using a Micromeritics ASAP 2010 instrument. 
Multipoint BET surface area was calculated applying the theory described above. 
Mean pore diameter was deduced from the BJH (Barrer, Joyner and Halenda) 
adsorption curves [8]. By analysing a standard silica-alumina material several times, 
an average experimental error in Sbet of ±  3% was found. If not otherwise stated, all 
materials were analysed after calcination at 1173K. Before analysis, the samples were 
outgassed at room temperature and 393K for 12h (2 kPa).
2.1.3 Temperature programmed reduction, oxidation and desorption
(i) Background
Temperature programmed reduction (TPR) was first developed some 20 years ago and 
is strongly based on work of Brian McNicol and Alan Jones [10]. It is one of a family 
of temperature programmed reaction techniques (e.g. oxidation, desoiption, 
chemisorption) that together form a very powerful array for the examination of 
surface and bulk properties of solids.
The TPR principle is based on passing a reducing gas (e.g. H2, CO) in a carrier of a 
very different thermal conductivity over a known amount of sample, which is heated 
at a certain rate. By detecting the concentration of the reductant stream, the rate and 
extent of reductant uptake may be determined and can be related to a specific catalyst 
component if this reduces at a different temperature from other catalyst components.
In Figure 2.5 the standard free energy change (AGf°) is given as a function of 
temperature for the reduction of different metal oxides by H2 (2.6). It is obvious that 
reduction of PdO will take place at very low temperatures, whilst no complete A 12C>3, 
Ce2C>3 or Ce02 reduction seems feasible in the temperature range applied here 
(<1373K). TPR has therefore been used to study the reducibility of the support
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dopants (CeC>2 Ce2C>3, Tb407 Tl^Ch) in order to obtain information on their 
oxygen storage capacity (OSC) and their influence on the reduction of Pd and vice 
versa. As a measure of OSC the amount of consumed H2 can be related directly to the 
amount of available oxygen (see Figure 2.6). Temperature dependent oxidation 
(TPO), on the other hand, gives information on the reoxidation potential and 
reversibility of the process.
MO + H2 -> M + H20  (2.6)
400 
300 
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„  1000
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°(3 -100 <
-200 
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Figure 2.5: Standard free energy change (AGf°) as a function o f temperature for the reduction o f  the 
respective metal oxides (A l20 3, C e02, Ce20 3, PdO) with 1 mol o f  H2 and the partial 
reduction o f  C e02 to Ce20 3 [10,11]. For comparison the values for CO and H2 oxidation 
are also given. The respective calculations are shown in Appendix 1.
2CeO: + H2 -» Ce20 ,  + H20
—  C e 2 0 3
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Figure 2.6: Principle o f  ceria reduction with H2.
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If CO is used as the reductant during TPR, fairly similar values for AGf° for the 
reduction reaction are expected, as AGf° for H2 and CO oxidation is of the same order 
of magnitude (see Figure 2.5).
(ii) Experimental
H2-TPR, 0 2-TP0 and TPD experiments were carried out using a Micromeritics 
TP2900 instrument, consisting of a gas delivery system, a programmable high 
temperature furnace and an on-line thermal conductivity detector (TCD) (see Fig. 
2.7).
g a s  — ►
Figure 2.7: Schematic view o f  the TPR/TPO/TPD instrument.
The experimental parameters were chosen as follows:
"3  sample*
sample pre-treatment: 
gas flow:
Pgas-
used gas:
heating ramp: 
water trap:
~ 150 mg (for materials that contained 20% ceria)
773K / N2, 20 min
35 cm 7min (sample and reference)
20 psi (-0.138 MPa)
6% H2 in N2 (for H2-TPR)
2%  0 2 in He (for TPO)
He for TPD
10 K/min
isopropanol + liq. N2, -190K
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To convert the TCD signal into an actual volume of H2, a calibration using different 
amounts of CuO (Micromeritics standard, 99.999%) was carried out. CuO readily 
reduces under H2 at -6 0 OK to Cu° (2.7) [12]. This calibration curve is given in 
Appendix 2.
CuO + H2 -> Cu° + H20  (2.7)
To determine the experimental error, several catalyst samples were measured twice 
under identical conditions. The overall error of [H2] /  [Ce02] (in mol /  mol) was found 
to be less than ±  7%.
Calibration for TPO was carried out via manual injection of different amounts of 0 2 
in He (see Appendix 2). The calibration obtained was also used for 0 2-TPD 
experiments.
For temperature programmed desorption (TPD) experiments, the sample was initially 
flushed with the respective probe gas (e.g. 0 2/He, CO/He) for ~lh  at 295K (after 
standard pre-treatment with N2 at 773K). To minimise the influence of residual and 
weakly adsorbed species, the sample was then flushed with He for 0.5h at 295K 
before heating at lOK/min.
CO-TPR experiments were carried out using the catalytic rig. Experimental details for 
this process will be given in Section 2.2.2.
2.1.4 In-situ FT1R
In-situ FTIR analysis was performed to get further information on adsorbed species, 
their structure and adsorption sites. Analysis was carried out, using a gas-tight and 
heated diffuse reflectance infra-red technique (DRIFT) cell (see Figure 2.8), which 
was connected to a gas dosing system. After placing the loose sample in the sample 
plate, it was flushed with N2 at 473K for 45min to remove residual surface species.
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The gas stream was then changed to either CO (6%CO/N2) or NO (T%NO/N2) and 
left for 20min at 473K before cooling down to room temperature still applying the 
respective probe gas. All flow rates were set at 10 cm7min with a pressure just above 
atmospheric. Before recording the spectra (PE System 2000 FT-IR), the cell was 
disconnected from the gas dosing system. The respective spectra were recorded using 
16 scans with a resolution of 4 cm'1. Background determination was carried out by 
recording the reference spectra of the different catalysts after they have been flushed 
with N2.
(T) ff? beam 
(5) mirrors 
( 3 )  sample
Figure 2.8: Schematic view o f  diffuse reflectance FT1R cell (DRIFT).
2 .2  C atalytic testin g
2.2.1 Development of the catalytic testing rig
An initial part of this project was the planning, installation and use of a catalytic 
testing rig. The developed system is shown in Figure 2.9.
(i) Gas dosing
Using MFCs (Brooks, Smart 5850S) a synthetic exhaust gas stream, consisting of NO, 
CO, propane, 0 2, C 0 2 and N2 was mixed. Each MFC was controlled via a PC (Smart 
DDE software / Excel). After passing through the MFCs, the gas was thoroughly 
mixed via a stainless steel mixing chamber. The applied gases were: 1%  NO/N2, 1% 
propane/N2, 6%  CO/N2, synthetic air, C 0 2 and N2.
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m ■
1: gas-dosing
2: mass flow controllers (MFCs) for single gases, linked to PC
3: static gas mixer
4: reactor with inserted thermocouple
5: programmable furnace
6: water trap
7: septum for GC sampling
8: PC for acquisition o f  experimental data from CO/NOx analysers and the thermocouple (4)
Figure 2.9: Schematic diagram o f  the developed catalytic rig.
(ii) Reactor
The reactor consisted of a straight 6 mm silica tube with a small indentation at its 
middle, in which a silica wool plug was placed as a support for the sample powder. 
The reactor was placed upright in a programmable tube furnace (Pyro Therm). To 
determine the temperature of the catalytic bed, a type K Ni/Al-thermocouple 
(BS 1843; 0  = 1mm) was introduced via a heat resistant septum and placed directly 
onto the catalyst’ s surface. The signals obtained from the thermocouple were 
transferred to the data acquisition PC, using a 16-bit ADC unit (Picolog ADC 16).
Between reactor and analytical instruments water produced during the reaction was 
removed by using a specially designed water trap, copied from similar models at the 
University of Reading (see Figure 2.10). To avoid NOx being dissolved in water, a 
thin film of dodecane was used to cover the water (~5 cm3). By using NCV/NCfy-test 
strips (Merck Merckoquant 10020), the NCh'/NCb'-concentration of the condensed 
water was checked regularly. No detectable levels were found at any time.
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gas stream _____  gas stream (water free)
condensation of water
Figure 2.10: Schematic view of used water trap.
(iii) Gas analysis
The gas mixture was analysed in-situ for CO  and N O x concentrations. Using different 
gas chromatographs, the concentrations of propane and N 20  were determined. 
Calibration curves for all analysers (CO, NO, HC-GC, N 20-GC) are given in 
Appendix 2.
CO-analysis was performed, using a NDIR (non dispersive infra red) analyser model 
‘401 N.D.I.R.’ (Analysis Automation Limited). Its output was directly linked to the 
data acquisition PC (via Pico log A D C  16). As the applied technique is not destructive, 
a part of the emergent gas stream was then passed on to the N O x analyser [13].
For N O x analysis a ‘Series 440’ (Rotork) N O x analyser was used. It measured 
chemiluminisence radiation emitted from excited N 0 2* (2.8) molecules which were 
produced by reacting N O  with O 3 (2.9). The radiation obtained covered the 
wavelength range between 600 and 3000 nm, with a maximum at 1200 nm [14].
N O  + O 3 N 0 2* + 0 2 (2.8)
N 0 2* -> N 0 2 + h v (2.9)
To determine the overall N O x concentration (NO + N 0 2) the gas stream was passed 
in-situ over a carbon converter, which reduced N 0 2 to N O  (2.10). If not stated 
otherwise, the measured N O  values always imply the overall amount of N O x.
Tice bath
film of dodecane 
condensed water
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N 0 2 + C -> N O  + CO (2.10)
The analysis of propane was performed using a 8500 GC (Perkin Elmer) fitted with a 
flame ionisation detector (FID) and a ‘Carbowax 20M 3 % ’ column (100/120 mesh; 
lm). The column temperature was set at 353K, the injector at 403K and the detector at 
473K. The carrier gas (N2) flow rate was chosen as 60 cm3/min. The retention time 
obtained for propane was -30 s. Gas samples were taken via the septum port shown in 
Figure 2.9 (7) [15].
For N 20  analysis a G C D  type GC  (Pye Unicam) was used, fitted with a thermal 
conductivity detector (TCD) [15]. Sample separation was carried out on a 
‘Poropak Q ’ column (2m), using a He carrier gas stream with a flow rate of 50 
cm3/min. The column temperature was set at 313K, the injector at 323K and the 
detector at 373K. A  calibration curve was produced, using different amounts of C 0 2 
as N 20 and C 0 2 show nearly identical thermal conductivities (see Appendix 2).
2.2.2 Parameters for catalytic experiments
All catalytic experiments were performed using 200 mg of sample and an overall gas 
stream of 500 cm3/min, with a pressure just above atmospheric (-1.1 bar). These 
parameters led to a space velocity around 60,000 h"1 assuming a sample volume of 
-0.5 cm3. To remove any adsorbed water, all the materials were treated under flowing 
N 2 at 773K for 20 min prior to the first catalytic test.
To classify the different exhaust gas mixtures, the oxidant : reductant ratio R  is 
defined as (2.11):
p _ [ppm NO] +2[ppm02]
[ppm CO] + 10 [ppm propane]
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(i) Temperature programmed experiments
For initial characterisation a standard catalytic mixture with R  = 1.13, later referred to 
as stoichiometric mixture, was used. For experiments under fuel-lean and fuel-rich 
conditions, mixtures with R  = 4.84 or 0.34 were produced. All three mixtures are 
listed in Table 2.1. For all temperature programmed reactions, a heating rate of 
5K/min was applied in order to assure a sufficient number of propane data points.
Table 2.1: Reactant mixtures for temperature programmed experiments.
Gas component
sto ich iom etric  
R  =  1 . 1 3
lea n  
R  =  4 . 8 4
r ic h  
R  =  0 . 3 4
N O  [ppnil 1000 1100 990
C O  fppml 6000 2000 13000
Propane fopm] 520 360 620
0 2 [ppm] 5800 13000 2800
co2 10% 10% 10%
n 2 balance balance balance
In a further set of experiments, the complex overall gas mixture was replaced by 
simpler streams, allowing the consideration of CO or propane oxidation alone. The 
respective reaction mixtures are cited in Table 2.2.
Table 2.2: Reactant mixtures for single component experiments.
reaction C O  [ppm] Propane [ppm] O, [ppm] N O  [ppm]
C O - N O 6000 _ - 1000
c o - n o - o 2 6000 _ 3000 1000
propane - N O 520 - 1000
propane - 0 2 520 2600 _
propane - N O  - 02 - 520 2600 1000
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(ii) Isothermal experiments with changing air-to-fuel ratios
Isothermal experiments were carried out to examine the catalyst’s behaviour with 
changing air-to-fuel ratios around unity. To keep the changes as simple as possible, 
the standard exhaust gas mixture (R = 1.13) was chosen as a base and only the 0 2 
concentrations were changed (see Table 2.3). To keep the flow rate constant, the 
overall N 2 flow had to be balanced accordingly. The furnace temperature during these 
experiments was set at 623K.
Table 2.3: Reactant mixtures for isothermal experiments with changing air-to-fuel-ratios.
R  =  1 . 1 8 R  =  1 . 1 0 R  =  1 . 0 0 R  =  0 . 9 1 R  =  0 . 8 2
0 2 [ppm] 6120 5610 5100 4590 4080
N 2 [cm3/min] 310 311 312 313 314
N O  [ppm] 1000 1000 1000 1000 1000
CO [ppm] 6000 6000 6000 6000 6000
. P l'O pa:u e i p p m ] ... . . . 520 520 520 520 520
co2 10% 10% 10% 10% 10%
(iii) Transient experiments
Transient experiments were carried out to estimate the catalyst’s oxygen storage 
capacity under catalytic conditions. The catalysts were alternately exposed to a CO 
stream (6000ppm CO, N 2) and an 0 2 stream (10% 0 2, N 2), applying a cycling pattern 
(see Table 2.4). The furnace temperatures were set at 523, 623 and 823K.
Table 2.4: Applied 0 2 - C O  cycle pattern for transient response experiments.
step 1 2 3 4 5 6* 7 8 9* 10
gas o2 C O o2 C O o2 n 2 CO o2 N, C O
time [min] 1------ 8 6 8 5 5 8 5 5 8  - sa -- -- -- -------- 1-------------------    *--------------
*) intermediate step, miming 500 cm /min of N 2
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(iv) CO-TPR
CO-TPR experiments were carried out using the catalytic rig with a CO/N2 gas stream 
(500 cm3/min), containing 3000 ppm CO. The heating rate was set at lOK/min.
(v) Calibration and experimental errors
Calibrations of all the analyser were carried out before every catalytic experiment. 
Pure N 2 was used for the zero level and the respective exhaust gas mixture for the 
100% value. It was especially necessary to equalise the sensitivity of the CO detector 
to changes in room temperature. To check the signal stability of both in-situ detectors, 
they were run in a calibration mode for an extended period of time. The results are 
given in Table 2.5. Calibration curves for both analysers are shown in Appendix 2.
Table 2.5: Signal stability for C O  and N O  analysers.
C O  analyser N O  analyser
period of testing time [h] 1 1
set value [ppm] 6000 1000
end value [ppm] 5900 994
drift in % 1.7 0.6
Taking an average length of experiment of 2h into account, these values led to a 
maximum error of -3% in CO  and -1% in NO. To minimise any further errors, data 
points for CO, N O x and the temperature reading were recorded every 10s. The 
response time between gas dosing (MFCs) and detection (CO, N O x) was 30s.
A  standard deviation of ± 7% was found for propane analysis, which can mainly be 
attributed to inaccuracies during sampling. Similar values were found for the N 20 
analysis. For both methods it needs further to be taken into account that the different 
G C  retention times are -0.5 min (FID) and -4 min (TCD) and therefore rapid changes 
in the gas concentration during temperature programmed experiments are not
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estimation was performed with a Philips 400T instrument. E D X  analysis was carried 
out, using a Philips CM200 instrument.
In contrast to optical microscopy, T E M  uses electrons (100 - 1000 keV) for 
illumination, creating images of increased magnification and resolution. In principle, 
transmission electron microscopes are exact analogues of compound light 
microscopes, using a fluorescent screen or photographic film for forming the final 
image.
By penetrating the sample with electrons, the emission of X-radiation is initiated. The 
respective wavelength is specific to single elements and can be used for quantitative 
purposes. Energy dispersive X-ray spectroscopy (EDS or EDX) uses this principle. By 
using a detector based on semiconductors, the emergent radiation is classified in terms 
of energy rather than wavelength.
To enable more complete images of the catalysts, samples were prepared via 
sectioning technique. This not only allows examining the particles’ surface, but also 
their cross-sections. For embedding the epoxy resin ‘LR  White’ was used. After 
cutting the sections with a diamond knife, they were polished and mounted onto 
copper specimen support grids, coated with a film of holy carbon.
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XPS was performed with a V G  Escalab II Instrument using Al K« radiation 
(1486.6 eV). The step size was chosen to be 0.20 eV with each having a dwell time of 
200 ms. Depending on signal to noise ratios, the number of scans varied between 2 
(for O) and 35 (for Pd). All spectra were corrected against the C Is peak (284.6 eV).
2.3.3 X-ray diffraction [18,19]
X-ray diffraction (XRD) was performed to determine the nature of the crystalline 
phase.
X R D  was originally used for structural analysis in single crystals. It is based on the 
fact that the wavelength of X-rays are of the same magnitude as the separations of 
lattice planes in crystals. This relation is given in Bragg’s law (2.13):
A, = 2d sinO (2.13)
A.: X-ray wavelength
d: lattice spacing
0: reflection angel
In powder analysis the X-ray diffraction patterns can be used as ‘fingerprints’ for 
identification purposes. X R D  analysis was performed with a Seifert X R D  3003 TT 
instrument using Ni filtered Cu K« radiation (X - 1.5406 A ). The 20 range was 15 - 
75° with a step size of 0.027s.
2.3.4 Transmission electron microscopy and energy dispersive X-ray 
spectroscopy [20]
Transmission electron microscopy (TEM) was carried out to estimate the average 
particle size and distribution of Pd. By performing X-ray analysis, additional 
information on the support homogeneity was gained. Analysis for Pd particle size
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2 .3  C h em ica l and p h ysica l characterisation tech n iqu es
2.3.1 ICP-MS [16]
Elemental analysis was carried out in the analytical section at the University of Surrey 
by using conventional nebulisation with Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS). Several catalyst samples were dissolved in a 1 : 1 mixture of 
aqua regia and hydrofluoric acid. The samples were then boiled to dryness and re­
dissolved in 5% aqua regia before analysis. The values derived (see Section 3.3.1) are 
the average value from ten different scans and the respective standard deviation.
2.3.2 X-ray photoelectron spectroscopy [17]
X-ray photoelectron spectroscopy (XPS) was performed to obtain information on the 
oxidation states of the different catalyst components after these had undergone 
different pre-treatments.
XPS is based on the analysis of the kinetic energy distribution of photoelectrons, 
emitted by a sample upon irradiation with a monoenergetic X-ray source. The 
penetrating photons interact with atoms on the surface of the catalyst (to depths of 1 - 
10 jam), causing electrons to be emitted with kinetic energies (Ek) given by (2.12):
Ek = hv - BE - (j>s (2.12)
hv: energy of the incident photon
BE: binding energy of the electron
<j)s: spectrometer work function
By measuring the number and Ek of the emitted electrons, the respective BEs can be 
deduced and information about the oxidation state and composition of the sample can 
be gained, as each emitted electron has a different (element and oxidation state 
specific) BE.
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detected. This was especially important for N 20 analysis, as N 2O  formation depends 
very much on the reaction temperature and is known to exhibit a temperature- 
dependent maximum.
The MFCs used have been calibrated by the manufacturer for the respective gases: 
the single values of which are given in Appendix 2. On base of those values a 
maximum error of + 0.4% in overall flow rate was found for the stoichiometric 
exhaust gas mixture. The inaccuracies for the single exhaust gas components are 
given in Table 2.6.
Table 2.6: Maximum errors for the different exhaust gas species, dosed via MFCs. The different 
values are based on a stoichiometric gas mix and were derived from the calibration data, 
given in Appendix 2.
C O  [ppm] | N O  [ppm]
................... I Propane [ppm] 0 2 [ppm]j
6000 + 10 | 1000 + 51 520 + 1 5800 + 80
To estimate the inaccuracy of the furnace controller and extent of oscillation, it was 
set to 640K and the thermocouple output was monitored (see Figure 2.11). A  
maximum derivation of 3K within a time period of 3 min was found. The 
thermocouple itself has been calibrated via two-point calibration (273K, 373K). The 
accuracy of the thermocouple has been given by the supplier with ± 1.5K.
time [s]
Figure 2.11: Stability of temperature signal for the furnace, used in the catalytic rig.
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3 .1  L itera tu re review  - S o l-g el-d erived  alum ina and ceria -alum ina
When deriving alumina by sol-gel routes, boehmite (y-AlOOH) or pseudo boehmite (a 
less well-crystallised boehmite, containing 1.7 H 20/A1 [1]) is produced initially. On 
heating, dehydration and crystallographic rearrangement are caused, leading to 
transitional aluminas and finally a-Al203.
Significant work concerning the sol-gel transition of aluminium alkoxides into alumina 
has been carried out by Yoldas [2] in the late 1970s. The method was based on 
hydrolysis of aluminium isopropoxide (AIP) and aluminium secondary-butoxide (ASB) 
followed by peptisation through addition of acids. The resulting product was 
amorphous boehmite.
Al-[0-CH -(C H 3)2]3 Al-[0-CH -C H 2-CH3]3
ch 3
alum ininum  iso p ro p ox ide  -  A IP  alum inium  se co n d a ry  butoxide - A S B
Following this work, many investigations were carried out to refine and optimise the 
sol-gel based preparation of alumina [3]. Only certain acids were found to be useful for 
peptisation [2] and depending on the pH, very different physical properties are 
achieved. Highest surface areas can be obtained between pH 6 and 8 [4,5], as the 
isoelectric point of boehmite is 7.8 [5]. Further work was concerned with the effects of 
water : ASB : alcohol molar ratios and the influence of the reaction temperature on 
porosity [6]. ASB generally generates higher surface areas, as its reaction rate is low 
compared to AIP and hence a more branched network can be developed.
Maeda et al [7,8] developed a method using several organic complexing agents as 
solvents. Thereby the initial alkoxide precursor (AIP) was converted into a metal- 
organic chelate complex. The alumina so prepared appears to be more thermally stable 
and after doping with platinum, also gave an increased CO oxidation activity. By
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varying the chelating solvent, the physical properties of the resulting alumina could be 
controlled, since the hydrolysis rate depends on the M-O bond strength and the 
stability of the chelate complex produced. The most suitable solvent was found to be 
2-methylpentane-2,4-diol. It provides a high boiling point, water miscibility and 
nonreactivity with alcohol biproducts, as has been observed for non branched diols and 
polyethylene glycol [8].
Synthesis of mixed oxides is possible by mixing the different alkoxides prior to 
hydrolysis. However, care needs to be taken, as alkoxides with different alkoxy groups 
and different metal electrQjiegativities have different rates of hydrolysis. Different rates 
lead finally to non-homogeneous materials. One way to overcome this problem is the 
addition of complexing agents, such as acetylacetone, alkanolamines or glycols [8,9],
Besides mismatches in reaction rates, the use of alkoxides can also be limited by their 
availability, costs and insolubility (alkoxides of group 1/2 metals) [9]. A  further 
possibility to prepare mixed oxides is therefore the use of alkoxides together with 
simple salts. These salts need to be soluble in the used solvent and have anions that are 
easily removed during processing (e.g. citrates, tartrates, acetates or nitrates) [9,10]. 
Some care needs to be taken using nitrates, as they can cause explosions during drying 
if dissolved in alcoholic solutions, due to their high oxidising potential.
In the literature only a few sol-gel-derived catalysts, containing ceria are described. 
Fornassiero et al [11] produced ceria-zirconia mixed oxides, using ceria- 
acetylacetonate as precursor. The same precursor was used by Masuda et al [12] to 
prepare ceria-alumina. The method was based on the above described complexing 
agent route, using 2-methylpentane-2,4-diol and AIP. Both precursors were mixed and 
pre-reacted with the diol, in order to convert the alkoxides into similar chelate 
complexes. Heating at 393K, the corresponding alcohols of the original alkoxides were 
removed, ensuring that the two organo-metallic precursors were hydrolysed at 
comparable rates and hence formed a homogeneous network.
53/174
Chapter 3 - Preparation and physical characterisation
The method described by Masuda has also been used and modified by other 
researchers. S. Fuentes et al [13] derived lanthana-alumina from ASB, lanthanum 
acetylacetonate, 2-methylpentane-2,4-diol and ethanol.
3 .2  S o l-g e l rou te d evelop ed  f o r  Pd/alum ina, P d /ceria -a lu m in a  and  
P d /terbia -ceria -a lu m in a
Initial preparations of pure alumina followed the routes of Yoldas [2] and Masuda [12] 
using ASB. N 2 adsorption at 77K indicated higher total surface areas and porosities for 
the alumina samples prepared using the route of Masuda (see Table 3.1). Hence, all 
further routes developed were based on this method, using 2-methylpentane-2,4-diol 
(MPD) as the complexing agent.
Table 3.1: Total surface area (SBet) and average pore size (0j, BJH adsorption) for differently 
derived aluminas.
773K 1173ICj
S b e t [m 2/g] | 0 j  [nm]
I (BJH adsorption)
S bet [m 2/g] 0 j  [nm]
(BJH adsorption)
alumina 1 [“Yoldas”] 243 | 6.7 143 10.4
alumina 2 [“Masuda”] 366 12.6 220 17.4
For the synthesis of doped aluminas, Ce(acetylacetonate)3 and Ce(N03)3 were 
evaluated. It appeared that Ce(acac)3 was much more difficult to dissolve in M P D  than 
Ce(N03)3. BET analysis after calcination at 1173K showed comparable total surface 
areas for acac- and N 0 3‘-derived samples. It was therefore decided to use the N 0 3' 
route: Ce(N03)3 is not only cheaper, but also likely to produce more homogeneous 
materials, due to its good solubility in MPD.
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One of the main advantages of sol-gel routes is the possibility of mixing different 
materials at a molecular level. So far mainly catalytic support materials have been sol- 
gel-derived, leaving precious metals to be incorporated via traditional methods (e.g. 
impregnation, adsorption or ion-exchange). It would therefore be desirable to 
incorporate the active species on a molecular level, too. Especially, if it is considered 
that the traditional methods are likely to lead to a less homogeneous distribution and 
also enhance the support ageing as they involve further heat treatment. Work carried 
out on Pt based catalysts [14,15,16] has shown that materials derived via 
microemulsion and direct sol-gel routes are more active than impregnated samples. 
This was attributed to an increased Pt dispersion and improved metal - support 
interactions.
Several experiments were carried out here, adding Pd(acac)2 and Pd(N03)2 at different 
stages. If the Pd precursors were added to the alcoholic sol at 393K prior to 
hydrolysis, Pd(N03)2 reacted with the organic components, forming a black precipitate 
and leading to low Pd distribution in the resulting catalyst (as deduced from T E M  
analysis, see Appendix 4). Furthermore, a decreased catalytic activity was found for 
these samples (see Section 5.1.1). Far better results were obtained, if Pd(N03)2’xH20 
was dissolved in water and added to the partially hydrolysed sol just before sample 
ageing. The complete route for the Pd-containing mixed oxides is summarised in 
Figure 3.1.
For comparison also materials containing lanthana were prepared following the recipe 
described in Figure 3.1 using La(N03)3-6H20 (Aldrich, 99.999%). If no dopant was 
used, the initial N O 3’ dissolving step was omitted. Pure support materials were 
prepared using all hydrolysis water in one step. Dopant concentrations were chosen 
between zero and 20 wt% for the respective oxides, assuming the following oxides: 
Ce02, Tb407 and La203. The Pd content of all catalysts was calculated as 2 wt% on 
the final support.
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Cc(N03j3/Tb(N03)3
jzk-
383K, 20mm, oilbath
393K, 4h, oilbath
lowering Tto 373K
373K, l.5h, oilbath
373K, 20min, oilbath
ageing: 48h, 353K
diymg: 353K, vac
calcination: 
1173K, 2h, stat. air
half amount of MPD
ASB +  remaining MPD
.2/3 of water
Pd(N03)3 in 1/3 of water
Figure 3.1: Final sol-gel route.
Chemicals used: Aluminum-tri-sec-butoxide (ASB),
2-methylpentane-2,4-diol, 
Ce(N03)3 • 6H20,
Tb(N03)3 • 5H20,
Pd(N03)2 • xH 20,
H 20, de-ionised
Aldrich, 97% 
Aldrich, 99% 
Aldrich, 99,999% 
Aldrich, 99,999% 
Alfa, 99,999%
molar ratios applied: Me : M P D  : H 20 1 : 5 : 25
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In addition to the sol-gel-derived materials, samples were also prepared by 
impregnation, following the incipient wetness method. Here, the respective M(N 0 3)x 
(where M  = Pd, Ce) aqueous solutions are added to the pre-calcined alumina until the 
support did not absorb any more liquid and started to appeal* wet. The mixture so 
produced was stirred thoroughly with a glass rod before drying under air (343K). 
Calcination was performed in an identical way to the sol-gel samples. Materials so 
prepared were Pd/ceria-alumina (2 wt% Pd, 20 wt% CeCb) and PtRh/ceria-alumina 
(1.75 wt% Pt, 0.25 wt% Rh, 20 wt% Ce02). The exact preparation details of which 
are given below.
Pd/ceria-alumina: successive impregnation of soi-gel-derived alumina (pre-calcined at
773K) with Ce(N03)3 and Pd(N03)2;
PtRh/ceria-alumina: successive impregnation of ‘Aluminium Oxid C ’ (Degussa) with
Ce(N03)3, (NH4)2PtCl6-xH20  (Alfa) and RhCl3 (Alfa);
Table 3.2 lists all the catalysts studied and characterised here in depth. If not explicitly 
mentioned, all samples were prepared via the sol-gel (SG) route described. The ceria 
content for all materials was finally selected to be 20 wt%.
Table 3.2: Compositions of catalysts used for in-depth characterisation.
Pd
[wt%]
Ce02
[wt%]
Tb40 7
[wt%]
preparation
Pd/alumina 2 _ _ SG
Pd/ceria-alumina 2 20 SG
Pd/terbia( l)-ceria-alumina 2 20 1 SG
Pd/terbia(5)-ceria-alumina 2 20 5 SG
alumina _ - SG
ceria-alumina 20 SG
terbia(l)-ceria-aliunina 20 1 SG
terbia(5)-ceria-alumina _ 20 5 SG
Pd/ceria-alumina IMP 2 20 IMP
PtRh/ceria-alumina 1.75Pt / 0.25Rh 20 - IMP
Calcination was carried out at 1173K for 2h under static air. Even though Pd is known 
to migrate and form clusters at such high temperatures, these conditions were chosen
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because the prepared catalysts were to be exposed to such temperatures in real exhaust 
gas systems, especially since Pd is used as a closed loop catalyst.
3 .3  P h ysica l and p h ysica l-ch em ica l characterisation
Physical characterisation involved ICP-MS (elemental analysis), T E M  (average Pd 
particle size and dispersion), E D X  (support homogeneity), X R D  (bulk structure) and 
N 2 adsorption (texture, total surface area and porosity).
3.3.1 Results - ICP-MS
ICP-MS analysis of the different Pd-containing samples was carried out, following the 
procedure described in Chapter 2.3.1. Results are listed in Table 3.3. It appeal's that 
even considering an experimental error of ± 10%, the mean Pd and ceria contents are 
below those expected from the preparation. In addition to experimental errors during 
preparation, anjother reason for the lower Pd and Ce levels could be an increased 
water content in Pd(N03)2-xH20 and Ce(N03)3*6H 20, as both materials are known to 
be hydroscopic. However, compositional differences were constant throughout the 
different materials and do not vitiate a comparison of catalytic activity. The nominal 
compositions listed in Table 3.2 are hereafter used for simplicity.
Table 3.3: Chemical compositions deduced from ICP-MS analysis.
wt% Pd %  rsd wt% %  rsd wt% %  rsd
Ce02 Tb40 7
ceria-alumina (SG) p. 16.6 2.31 _
Pd/alumina (SG) 1.25 1.41 _ _
Pd/ceria-alumina (SG) 1.05 1.19 16.0 1.95 _ *
Pd/terbia( l)-ceria-alumina 1.10 3.27 15.7 2.55 0.7 5.21
Pd/terbia(5)-ceria-alumina 0.92 2.23 15.1 3.84 4.4 4.71
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3.3.2 Results - N? adsorption
N 2 adsorption at 77K was used to determine total surface areas (S b e t) and average 
pore sizes (via the BJH adsorption method) for the materials calcined at 1173K.
All materials gave type IV isotherms in the B D D T  classification and so had a 
mesoporous character. Figures 3.2 and 3.3 show isotherm and pore size distribution 
plots of Pd/terbia(5)-ceria-alumina. Isotherms of all other catalysts are shown in 
Appendix 3. Looking at the results given in Table 3.4, it appears that independent of 
the actual composition similar values are noted. As doped catalysts contained -20 wt% 
co-oxides, which themselves usually show low surface areas as single oxides, one 
would expect decreased S b et values for these materials. This proves that the use of 
N 0 3'-precursors with ASB generates materials with similar texture to N 0 3'-free 
preparations.
Table 3.4: Total surface areas and average pore sizes (BJH adsorption).
S bet
[m 2/g]
0j [nm]
(BJH adsorption)
alumina (SG) 179 9.2
ceria-alumina (SG) 168 7.4
terbia(l)-ceria-alumina (SG) 183 8.2
terbia(5)-ceria-alumina (SG) 183 6.5
Pd/alumina (SG) 169 9.1
Pd/ceria-aliunina (SG) 183 8.4
Pd/terbia(l)-ceria-alumina (SG) 188 7.2
Pd/terbia(5)-ceria-alumina (SG) 172 8.4
Pd/ceria-alumina (IMP) 98 9.6
PtRh/ceria-alumina (IMP) 74 12.2
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Figure 3.2: N 2 adsorption isotherm at 77K for Pd/terbia(5)-ceria-alumina. Filled and open circles 
denote adsorption and desorption points.
Pore diameter [nm]
Figure 3.3: Pore size distribution (BJH adsorption) for Pd/terbia(5)-ceria-alumina (deduced from N 2 
adsorption at 77K).
3.3.3 Results - T E M  and EDX
To determine the average Pd particle size and particle size distribution, T E M  analysis 
was carried out on samples prepared, using a microtome technique. By examining 
different areas of the T E M  images (for each catalyst) a maximum Pd particle size of 
100 nm was found, independent of the actual support. Looking at the two T E M
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photographs of the materials derived via NCU-sol-gel route (see Figure 3.1) shown in 
Appendix 4, it appears that with increased magnification (x200K) further Pd particles 
appeared. Performing E D X  analysis on these uncertain spots proved the presence of 
Pd. This suggests that in addition to the obvious Pd particles of -50 mn a further 
fraction of very small and highly dispersed Pd crystallites exists.
For comparison TEMs of materials, derived via different Pd incorporation methods, 
are also shown in Appendix 4. They clearly demonstrate the increase in average Pd 
particle size (> 100 nm) and its dependence on the chosen sol-gel method.
For the ceria and ceria-terbia containing catalysts the support homogeneity was 
examined via E D X  by analysing different areas of the sample. The obtained results 
showed a very constant Al : Ce intensity ratio, suggesting good homogeneity. In 
Appendix 5 three different E D X  spectra are presented.
3.3.4 Results - X R D
Powder X R D  was used to identify any crystallographic phases present. Experiments 
were performed on the pure supports as well as on Pd-containing catalysts.
Patterns for pure alumina were of low overall intensity (see Figure 3.4 (a)) and poor 
signal to noise ratio. This suggests the presence of a fairly amorphous system. 
However, JCPDS files proved the existence of a transitional alumina close to a 
8-phase. This was deduced from the intensity ratios of peaks at 29 = 67.9° and 45.0°. 
These are 1 for y-alumina and 0.8 for the 8-phase. The Pd/alumina X R D  pattern 
further revealed the presence of Pd° and PdO, even though the catalyst has been 
treated at 1173K under static air.
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Figure 3.4: X-ray diffraction patterns of different catalysts after calcination at 1173K (2h; stat. air).
When ceria or ceria-terbia was added to the catalyst a very different pattern was 
produced (Figure 3.4 (b)), even though no differences in the profile could be seen 
between the different catalysts themselves. All materials showed Ce(IV)oxide X R D  
patterns and a much increased intensity compared to pure alumina. As the diffraction 
pattern for Tb40 7 is fairly similar to that of Ce02, no evidence about the existence of a 
mixed oxide or two separate phases could be obtained here. It appeared that neither
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profile showed any significant line attributable to Pd°, but the main reflection of PdO 
could be found at 20 = 33.8°.
To estimate the temperature stability of the catalysts prepared here, a further set of 
X R D  experiments was carried out after heating the materials for 4h at 1373K. In 
Figure 3.5 only the patterns for Pd/alumina and Pd/terbia( 1 )-ceria-alumina are shown, 
as all the doped materials presented similar results. Doped and undoped samples 
displayed sharper peaks, indicating a higher degree of crystallinity. For the Pd/alumina 
sample, some transition phase close to that of 0-AI2O 3 was noted. Again the existence 
of Pd° and PdO could be proved. For Pd/terbia( 1 )-ceria-alumina, on the other hand, no 
Pd° peaks were seen.
Comparing the X R D  pattern of the ceria-terbia containing sample to that of pure 
Pd/alumina, much less intense alumina peaks are seen. Similar behaviour was noted for 
these samples after calcination at 1173K (2h). This suggests that even after calcination 
at 1373K (4h) a good deal of amorphous alumina is retained.
Figure 3.5: X-ray diffraction patterns for Pd/alumina and Pd/terbia(l)-ceria-alumina after calcination 
at 1373K (4h; stat. air).
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3 .4  S u m m a ry -  P reparation  and p h ysica l p rop erties
Based on the sol-gel method of Masuda et al [12], a new sol-gel recipe has been 
developed, using ASB and the respective nitrates to produce mixed terbia-ceria- 
alumina materials. Pd has been incorporated during the sol stage by adding an aqueous 
solution ofPd(N03)2. This has generated well-dispersed Pd particles in the range from 
5-50 mn. After calcination at 1173K, BET surface areas were found to be between 
170 and 190 m 2/g. All the derived materials displayed an X-ray amorphous state. T E M  
and E D X  analysis demonstrated the homogeneity of the supports produced.
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4 .1  T em perature p rog ra m m ed  reduction  (T P R ) o f  ceria -con ta in in g  
m aterials as m ea su re f o r  o x yg en  stora ge capacity (O S C )
4.1.1 Literature review
Ceria and cerium containing materials are well known for their redox behaviour, as 
cerium can form stable Ce3+ and Ce4+ cations as a result of its electron configuration 
(6s2 4 f 5d°). Under normal conditions only Ce(IV)oxide (ceria) is present.
Throughout the literature, experiments have been described involving H 2-TPR to 
evaluate the redox behaviour of ceria. It has been shown that, depending on the actual 
surface area, two different peaks arise, indicating reduction of surface and bulk oxide 
respectively [1,2,3]. The low temperature peaks for pure ceria are found around 800K. 
Perrichon et al claim that differently-derived ceria samples still show the same 
reduction temperature as the mean binding energy of surface oxygen is the same, 
although the peak shapes differ as a result of surface or OH-group variations [2].
An investigation of the crystallographic structure found that, although partial 
reduction had already occurred, up to 900K the cubic lattice of Ce02 remains, albeit 
with an expanded oxygen matrix. This formation of crystallographically-unchanged 
sub-stoichiometric oxides is the key feature of ceria’s well-developed oxygen storage 
capacity (OSC). Reduction above 900K produces hexagonal Ce203 that can be seen in 
X R D  [2].
The following reduction mechanism is suggested for the low temperature region [2,4]:
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H H U 0 + H h 2o
y
L =* • o # Q
# 0 2- (^vacancy QCe^ Q Ce3+
Figure 4.1: Ce(IV)oxide reduction with H2:
(a) dissociative chemisorption of hydrogen onto the surface to form hydroxyl groups 
(P) anionic vacancy formation with reduction of neighbouring cations 
(y) water desorption
(5) diffusion of the surface vacancy into the bulk
Evidence for a different mechanism, not necessarily involving the formation of 
oxygen vacancies in the first stage, also exists [1]. Here, hydrogen does not desorb, 
but forms surface hydroxyl groups and cerium (III) cations. FTIR confirms the 
existence of surface O H  groups up to 673K; water desorbs above that temperature.
Figure 4.2: Ce(l V)oxide reduction with H 2, involving O H  formation:
(a*) dissociative chemisorption of hydrogen onto the surface to form hydroxyl groups, 
resulting in Ce(IV) reduction
area influences the TPR profile; materials of high surface area show a better defined 
low temperature TPR peak [3].
Q o 2- Oce4*
Since ceria reduction can be split into surface and bulk processes, the sample surface
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All the above described work has been reported for pure, unsupported ceria. If ceria is 
supported, its redox behaviour depends very much on its loading. If only very small 
concentrations of ceria are used (<1%) CeA103 formation is likely. By increasing the 
ceria content to 5 wt% a separate highly dispersed Ce02 phase is achieved. A  further 
increase of the ceria concentration leads to the formation of bulk Ce02 particles, 
forming distinct clusters [5]. Therefore bulk oxygen removal will only occur for 
samples of higher ceria loadings. Again, the balance between low and high 
temperature reduction depends very much on the average crystallite size of the ceria 
and their distribution on any support.
The addition of any precious metal to ceria-containing materials changes their redox 
behaviour [6]. For pure Pd/Ce02 it has been shown that surface reduction of ceria is 
shifted to much lower temperatures [7]. However, just as the reducibility of ceria is 
influenced by Pd, so that of PdO itself is modified by ceria. Luo et al [8] found a 
correlation between the loading and reducibility of Pd: the PdO reduction temperature 
increased with decreasing Pd loadings, as a higher dispersion and better support-metal 
interaction was obtained.
To characterise the OSC of Pd-ceria-alumina materials, the H 2 reduction pattern of Pd 
needs to be considered. It has been shown, by several research groups, that supported 
Pd exists in different oxide states: bulk PdO crystallites, highly dispersed PdO and 
possible Pd-support intermediates [8,9,10]. As H 2-TPR spectra show two 
distinguishable reduction peaks, Luo et al [8] suggested the following mechanism: the 
crystal phase PdO is first reduced at lower temperatures to form Pd°. In the next step, 
H 2 is dissociated over these Pd surface atoms and spills over to reduce the finely 
dispersed PdO. Fuentes et al [11], on the other hand, suggested a two-step mechanism, 
forming Pd20 as an intermediate. However, Hoost and Otto showed, using XPS 
analysis, that even after the first reduction peak metallic Pd can be found.
Work carried out by Hurst [10] on Pd2+-exchanged Y  zeolites also revealed two 
distinguishable reduction peaks, which are associated with two different Pd locations 
within the zeolite matrix. It was further shown that in addition to the actual reduction 
peak H 2 absorption and desorption occur, as Pd is known to dissolve an excess
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amount of H 2 by forming (3 PdHx. The formation takes place at room temperature and 
pressures above ca 2 kPa, with desorption ca. 70K above room temperature [10,12].
4.1.2 Results
4.1.2.1 Ceria-alumina and terbia-ceria-alumina supports
Using H 2-TPR, the reducibility and oxygen storage capacity (OSC) of the doped 
support materials were examined. The author’s main focus was placed on the 20 wt% 
ceria (<ceria-alumina) and the 20 wt% ceria / 5 wt% terbia (terbia(5) -ceria-alumina) 
samples. To minimise the influence of adsorbed water or other components, the 
materials were flushed with N 2 at 773K prior to the first TPR run.
Both materials show the same reduction pattern with a low temperature peak around 
720K (a), and a second high temperature peak at 1110K (P), which can be attributed 
to surface and bulk reduction respectively. By integrating the respective peak areas, it 
became apparent that for both materials the same a : p ratio (-30%) is found.
As has been shown by Johnson [3] and Rogemond [13], the H 2 uptake for the first 
reduction peak (a) can be taken as a measure for the ceria surface area, when 
supported on other oxides. Using the method of Johnson the surface area of the dopant 
has been calculated (for calculation see Appendix 7). For the terbia-containing 
material, the reduction process given below (4.1) is assumed. To simplify the 
calculation, the H 2 : ceria ratio is replaced by the ratio of H 2 : total co-oxide (ceria + 
terbia). Table 4.1 gives the data deduced for the initial TPR run (Figure 4.3).
Tb40 7 + H 2 -> 2Tb203 + H 20  (4.1)
Comparing the two TPR traces with that of pure Ce02 (Aldrich, 99.999%) and Tb40 7 
(Aldrich, 99.999%) a temperature shift of the ceria high temperature reduction peak of
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ca. 25K towards higher values can be seen. With the terbia-containing material, on the 
other hand, no explicit terbia reduction peak is apparent, but the low temperature peak 
is slightly shifted towards lower temperatures.
Figure 4.3: H2-TPR profiles of terbia, ceria reference materials and pure support materials.
Table 4.1: Total surface area (SBET) and calculated surface areas for ceria and ceria/terbia.
Sbet (™2/g] (H : oxide) ratio d^opant 1 m /g]
ceria-alumina 163.0 0.156 40
terbia(5)-ceria-alum ina 182.6 0.148 38
The same overall H 2 consumption and the same degree of reduction was achieved for 
both materials (see Table 4.2). The volume of stored oxygen has been calculated as 
follows (4.2):
2Ce02 + H 2 -» Ce20 3 + H 20  (4.2)
n(02) = 0.5 n(H2)
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Table 4.2: H 2 uptake in TPR per mole of dopant oxide, calculated volume of stored oxygen and 
degree of reduction for initial TPR run. All calculations are based on the nominal oxide 
concentrations (i.e. 20 wt% ceria, 5 wt% terbia).
Uin/Uoxide nm/mcat 
[mmol / g]
Vo2/mcat 
[cm3 / g]
degree of 
reduction
ceria-alumina 0.426 0.495 5.55 85% ceria
terbia(5)-ceria-
alumina 0.400 0.478 5.36 80% total oxide
After the initial TPR runs both materials were reoxidised, applying temperature 
programmed oxidation (TPO) up to 1200K. The TPR-TPO cycle was repeated several 
times, with significant changes in the TPR profiles: as the number of cycles increased 
the high temperature peak ((3) decreased in size, whilst the low temperature peak (a) 
increased in size (see Fig. 4.4/4.5). As a results from reduction of the surface layer, 
this suggest that the ceria/terbia surface area is increasing with enhanced TPR-TPO 
cycling.
Balducci et al [14] found comparable behaviour with mixed Ce02-Zr02 oxides, but to 
a much lower extent. It was suggested that subsequent high temperature TPR-TPO 
cycling removed oxygen cations from their ideal position and replaced them 
randomly, leading to increased oxygen mobility. For pure Ce02 samples no such 
decrease in reduction temperature was reported, as they lose their low temperature 
peak, due to sintering.
Comparison of the two samples shows that the low temperature peak for the terbia 
material (a) increases in area more rapidly and that the high temperature peak ((3) 
almost vanishes. Due to its smaller ion radius, terbia may enhance the destabilisation 
of the oxide matrix. Further, the overall H 2 consumption increases for both materials 
during cycling (+0.09 mol H 2/gcat).
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—  1.TPR
2.TPR
—  4.TPR
Figure 4.4: H2-TPR profiles of ceria-alumina: l.TPR after N 2 flushing at 773K; 2.TPR and 4.TPR after 
intermediate TPO.
Figure4.5: H2-TPR profiles of terbia(5)-ceria-alumina: l.TPR after N 2 flushing at 773K; 2.TPR and 
4.TPR after intermediate TPO.
In a final experiment, the influence and extent of adsorbed oxygen was estimated 
using temperature programmed desorption (TPD, with He as carrier gas) between 
TPO and TPR. The TPD profile did not reveal any significant oxygen desorption and 
the subsequent run TPR showed the same H 2 uptake as those directly following TPO.
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4.1.2.2 Palladium-containing materials
Pd/alumina did not show any significant reduction peaks at temperatures above room 
temperature, but just release of H 2, presumably from PdHx (y). It can be concluded 
that the complete PdO -> Pd° reduction for Pd supported onto pure alumina had 
already occurred at room temperature or below.
In agreement with the results obtained for pure support materials, H 2-TPR profiles for 
Pd-ceria containing catalysts also changed with intense TPR-TPO cycling (see Figure 
4.6 for initial TPR traces, normalised to constant weight).
In comparison with the TPRs of the pure supports (see Figure 4.3), it appears that the 
ceria low temperature reduction peak (a, ~700K) has almost disappeared in the 
presence of Pd. Now all the ceria-containing materials gave H 2 uptakes just above 
room temperature (a’).
—  Pd/terbia(1)- 
ceria-alumina
—  Pd/terbia(5)- 
ceria-alumina
— Pd/ceria- 
alumina
—  Pd/alumina
300 500 700 T [K] 900 1100
Figure 4.6: H 2-TPR profiles after flushing in-situ with N 2 at 773K.
Pd is known to lower the reduction temperature of ceria, just as ceria stabilises PdO 
and raises its reduction temperature. It is therefore not possible to explain the low
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temperature reduction peak for the doped samples as purely originating from ceria or 
ceria-terbia reduction respectively.
To obtain information about the long-term reduction behaviour of the Pd-containing 
materials, several subsequent TPR-TPO cycles have been carried out. The respective 
results are given in Figure 4.7. A  decrease of the (3 high temperature reduction peak 
was seen for all materials. In contrast to the pure supports, the addition of terbia seems 
to stabilise the (3 peak, as it is still distinguishable during the fifth TPR in the cycle; 
for the ceria-only sample, detection in the second cycle is already difficult.
The overall H 2 consumption remained the same for the 20 wt% ceria and 1 wt% terbia 
- 20 wt% ceria samples during TPR-TPO cycling. For the 5 wt% terbia - 20 
wt% ceria sample a slight increase after the fust cycle was observed, but this is 
interpreted as being within the experimental error.
In Table 4.3 the respective average amounts of consumed H 2 for the three materials 
are given. The nH2/n0xide ratio-value takes the actual reduction stoichiometry of terbia 
into account by considering only half the amount of terbia (Tb40 7) present, as Tb407 
already includes two three-valent Tb-ions (see Equ. 4.1).
Table 4.3: H 2 consumption in TPR of the three doped Pd catalysts.
i W  HI cat 
[m m o l / g]
nm/noxirte
Pd/ceria-alumina 0.525 0.452
Pd/terbia( 1 )-ceria-alumina 0.548 0.468
Pd/terbia(5)-ceria-aliunina 0.469 0.391
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Figure 4.7: H2-TPR profiles after different numbers of TPR-TPO cycles.
— 1.TPR
—  2.TPR
—  3.TPR
—  1.TPR
—  2.TPR
—  5.TPR
—  1.TPR
—  5.TPR
—  6.TPR
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As these values do not differ significantly, it can be concluded that, in agreement with 
the results for the pure support materials, the same overall degree of reduction is 
obtained. No exact quantification of the peak area or the level of reduction can be 
given for a ’, because of the H 2 desorption peak, but the reduction level is in any case 
above 80% for all three materials.
The influence of Pd and any metal-support interaction can clearly be seen in the shift 
of the temperature of the surface reduction peak a. Assuming initial PdO reduction, 
further H 2 molecules will be activated by Pd° and therefore react at these low 
temperatures with surface ceria species. However, the overall level of reduction 
remains unchanged in the presence of Pd. This clearly shows that Pd works as a 
catalyst in terms of the ceria reduction, as it enables H 2 spill over, but cannot 
influence further structural changes of the ceria matrix.
To gain a better understanding of the actual metal-support interaction, a further set of 
experiments was carried out. This examined a successively impregnated Pd/ceria- 
alumina (IMP) sample (2 wt% Pd, 20 wt% Ce02) as well as a physical 1 : 1 mixture 
of sol-gel-derived Pd/alumina and pure ceria-alumina (20 wt%). Again, all traces have 
been normalised to a constant weight of ceria.
Figure 4.8: H2-TPR profiles of Pd/ceria-alumina (IMP): l.TPR after N 2 flushing at 773K; 2.TPR and 
3.TPR after intermediate TPO.
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Figure 4.9: H2-TPR profile of a physical mixture of Pd/alumina and ceria-alumina (1:1); l.TPR after 
N 2 flushing at 773K; 2.TPR after intermediate TPO.
The overall extent of reduction of the impregnated sample is about 20% lower than 
for the sol-gel-derived samples. However, even more important was the observation 
that the high temperature (3 reduction peak remained almost unchanged in size, while 
the low temperature a” reduction peak moved to lower temperatures, indicating some 
Pd - support interaction (see Figure 4.8).
Looking at the results for the physical mixture, a Pd - support interaction can only be 
seen after intermediate TPO. The initial run is just a combination of the TPR patterns 
for pure Pd/alumina and ceria-alumina. This shows clearly that a high temperature 
reduction - oxidation treatment is necessary to produce an improved Pd - ceria 
interaction. Whether this interaction is attributable to the formation of some Pd - 
support intermediates or just a more activated Pd species (that enhances H 2 spill-over) 
cannot be said at this point.
To get more detailed information, concerning the observed change in the TPR patterns 
with enhanced TPR-TPO cycling, a Pd/ceria-alumina samples after TPR and after 
TPR/TPO was examined via XRD. The two patterns are given in Figures 4.10 and 
4.11.
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Figure 4.10: XRD pattern of Pd/ceria-alumina (SG) after TPR experiment and TPR/TPO cycle.
300
250
200
a0
& 150 551 c
100
50
0
15 25 35 45 55 65 7520 [°]
Figure 4.11: XRD pattern of Pd/ceria-alumina (IMP) after calcination (fresh) and TPR/TPO cycle.
Looking at the reduced sol-gel sample in Figure 4.10, metallic Pd can clearly be 
identified by the existence of the 20 = 40.4°, 46.9° and 68.5° peaks, as being the 
100% (111), 60% (200) and 42% (220) peaks respectively. No real evidence for the
after calcination 
after reoxidation
after reduction 
after reoxidation
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existence of PdO can be found. Comparing the pattern with that of pure alumina 
(given in Figure 3.4(a), Section 3.3.4), further peaks around 20 = 67° and 45° can be 
attributed to transition phase alumina, whilst there is hardly any signal at 20 = 30 - 
40° (main diffraction line for Ce02). No peak was taken to indicate the presence of 
neither Ce203 nor CeA103. These findings can either be explained by the existence of 
a complete solid solution being amorphous or two separate oxide systems of 
extremely amorphous character.
Even though the Ce02 indicating peaks were regained for the sample which 
underwent subsequent TPR/TPO treatment, the intensity ratios of ceria and alumina 
peaks changed significantly compared to a fresh sample (see Figure 3.4(b), Section 
3.3.4). This can be attributed to an increased dispersion of ceria, what also explains 
the changed TPR patterns.
Performing the same experiment with an impregnated reference sample, it became 
apparent that the pattern after reoxidation at 1073K is comparable to that of the fresh 
sample (see Figure 4.11). The changes in peak intensities seen for the sol-gel material 
do not take place to such an extent. Remarkably, on the other hand, even though the 
sample has been reoxidised at 1073K, metallic Pd can clearly be detected for the 
impregnated reference material. Whether the very weak peak at 29 « 37° for the sol- 
gel sample also indicates Pd° cannot be said for sure, whilst it is certain that PdO is 
present, as deduced from the line 20 « 32°. Further discussion of those findings is 
found when TPO and XPS results are analysed.
4.1.2.3 Summary - H 2-TPR
Table 4.4 summarises the H 2 uptakes seen in TPR for the several catalysts during the 
second TPRs. The amount of stored oxygen has been calculated, assuming a H  : O 
stoichiometry of 2 : 1. The values do not take in account any H 2 uptake - release due 
to PdHx formation - decomposition.
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Table 4.4: Average hydrogen uptake of the different catalysts and their respective oxygen storage 
capacity (in cm3 0 2/ g cat).
Catalyst U (H2) / incatalyst 
[mmol / g]
O S C  — V  02/nicntniyst 
[cm3 / g ]
Pd/ceria-alumina 0.536 6.01
Pd/terbia( 1 )-ceria-alumina 0.572 6.41
Pd/terbia(5)-ceria-alumina 0.478 5.36
phys. mixture 0.562 6.29
Pd/ceria-aiumina (IMP) 0.434 4.86
ceria-alumina 0.583 6.53
terbia(5)-ceria-alumina 0.564 6.32
In Table 4.4 it can clearly be seen that the sol-gel-derived samples provide enhanced 
OSC values when compared to traditional impregnated catalysts. Not only is the 
actual 0 2 value higher for sol-gel materials, but also, looking at the respective TPR 
traces, the main part of reduction and therefore 02 release moves to lower 
temperatures in the sol-gel-derived materials. From X R D  results it became obvious 
that the changes observed for the TPR profiles are based on the formation of a highly 
amorphous Ce - Al - O  material, which shows far less well-developed Ce02 
crystallites.
As oxygen availability, especially at low temperatures, is one of the limiting factors 
during the cold-start period in T W C  application, the behaviour of the sol-gel materials 
certainly improves their catalytic potential. The addition of Pd to these sol-gel ceria 
systems further enhances the low temperature reduction.
Looking at the influence of terbia, no significant changes in OSC values can be seen 
from the H 2-TPR results. It seems though that the addition of terbia broadens the low 
temperature reduction peak as well as stabilises the high temperature peak, suggesting 
an overall stabilisation of the oxide matrix.
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4 .2  O xidation beh a viou r o f  th e d ifferen t catalysts
4.2.1 Introduction
H 2-TPR is a measure of OSC, but in addition, it is also important to understand the 
reoxidation behaviour of catalysts.
Experiments carried out with unsupported and supported Pd revealed a stepwise 
oxidation. Most of the Pd is already oxidised at room temperature [6,9] and Su et al
[15] attributed this to oxygen adsorption and the formation of surface PdO. It is only 
at higher temperatures that bulk PdO is formed. Such findings can be explained by the 
Cabrera-Mott theory, which suggests that electrons from the bulk are tunnelling 
through the PdO surface layer, creating an electric field between surface and Pd/PdO 
interface. This promotes O 2' migration towards the bulk. As the electric field is 
inversely proportional to the thickness of the oxide film, oxygen diffusion will be 
rate-limiting after a certain film thickness (~15nm) is formed [15].
Rodriguez et al [16] also described a spreading of PdO over alumina, leading to a 
good Pd-alumina interaction and finally, at higher temperatures, the formation of 
some Pd-O-Al intermediates.
Regarding the reoxidation of reduced cerium oxide, most authors claim complete 
reoxidation below or at room temperature. However, Perrichon showed that if 
hexagonal cerium (III) oxide was formed, higher oxidation temperatures were then 
necessary [2].
As described for the reduction process, Pd-ceria interactions also occur during 
oxidation. Ceria catalysis Pd oxidation. At high temperatures the formation of Pd-O- 
Ce surface species has been observed via electron paramagnetic resonance (EPR) [1].
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4.2.2 Temperature programmed oxidation experiments (TPO)
Figure 4.12 gives TPO profiles for ceria-alumina and terbia(5)-ceria-alumina, together 
with profiles for pure alumina, ceria and terbia. In addition to the peak around 500K, 
oxygen uptakes could be seen at room temperature, as the baseline stabilisation took 
an unexpectedly long time to achieve.
terbia(5)- 
ceria-alumina
ceria-alumina 
alumina 
Tb407 
Ce02
300 500 700 T[K] 900 1100
Figure 4.12: 0 2-TPO of different support materials and references. The traces have been recorded 
after previous TPR. Only the traces of alumina containing oxides have been normalised 
in terms of sample weight.
Compared to pure ceria, higher temperatures were required for reoxidation of the 
doped materials. No specific terbia oxidation peak was detected in the terbia- 
containing sample, suggesting the sample contained a mixed ceria-terbia oxide. As the 
complete reoxidation of the supported ceria required more energy than the 
unsupported sample, the alumina network seemed to inhibit oxygen diffusion.
These findings are in good agreement with the results of Fallah et al [4], who showed 
a two-step process for complete ceria reoxidation, which was attributed to two 
different crystallographic phases of reduced ceria.
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—  Pd/alumina
—  Pd/ceria- 
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—  Pd/terbia(5)- 
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alumina
Figure 4.13 shows the TPO profiles of different Pd-containing catalysts. For further 
comparison the TPO trace of Pd-La203-Al203 (2 wt% Pd, 10 wt% La203) is also 
given.
Figure 4.13: 0 2-TPO of different Pd-containing catalysts. The results have been normalised in terms 
of weight.
As with the pure supports, the doped samples also have oxygen uptakes at room 
temperature. Additionally, all showed oxygen release around 1000K (y), which is 
attributed to PdO decomposition (as explained in more detail in Section 4.2.4).
Pure Pd/alumina shows oxygen uptake at -600K (P) and a smaller peak -760K. In a 
second TPO run (after intermediate TPR) an identical TPO profile was found. 
Although the peaks were weak, Pd/lanthana-alumina showed a similar TPO profile; 
lanthana is not likely to undergo any oxidation under the present conditions and 
therefore only Pd-associated oxygen uptakes were to be expected. Hoost and Otto 
have reported the same TPO peaks for their Pd catalysts [9].
A  comparison of the p : y peak sizes for 0 2 uptake and release, gives further proof of 
a major oxygen uptake at room temperature.
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These results are in good agreement with the literature described earlier [6,9,15]: even 
though the main oxidation takes place at room temperature, a fraction of Pd is only 
oxidised at higher temperatures. This can be attributed to a highly dispersed Pd 
species or enhanced bulk oxidation.
The ceria-containing materials on the other hand show several 0 2 uptake peaks. As it 
is not possible to distinguish between Pd and ceria oxidation contribution to these, no 
quantitative deductions concerning these peaks could be made.
Comparing the traces of Pd/ceria-alumina and Pd/terbia-ceria-alumina with those for 
Pd-free supports (see Figure 4.12/4.13) one sees that the first a ’ peak moves 20-30K 
to lower temperatures (as well as appearing to be slightly sharper). Further, a second 
a” oxidation peak at ~650K appears, which was very weak for the simple ceria- 
alumina support.
Thus the ceria reoxidation is possibly catalysed by the presence of Pd. Whether all the 
Pd has already been oxidised at room temperature cannot be said with certainty, as 
any further oxidation peaks would be obscured ceria ones. Considering the catalysing 
effect of ceria towards Pd oxidation, complete oxidation at room temperature is quite 
likely. No obvious influence of terbia on the oxidation behaviour was seen.
4.2.3 Temperature dependent reoxidation experiments
To obtain a more detailed understanding of the different oxidation steps, a further 
series of experiments was carried out. Several catalysts were isothermally reoxidised 
at different temperatures before subsequent TPR. The temperatures chosen were 295, 
473, 673, 873 and 1073K. After oxidation, the samples were cooled under a stream of 
0 2/He to avoid any oxygen desorption. Results are given in Figure 4.15.
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Figure 4.15: H 2-TPR after reoxidation at different temperatures.
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To estimate the influence of adsorption and desorption, an experiment was carried out 
in which the sample was cooled down in an inert gas stream (N2) as well as under 
0 2/He. Both experiments showed the same TPR pattern with peaks of nearly identical 
size.
Evaluating the level of reoxidation at the different temperatures, the respective H 2 
uptakes were related to the value obtained after an intermediate TPO run (values 
given in Table 4.4).
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80 
I  60031<r
3? 40 
20 
0
Figure 4.14: Level of reduction after isothermal reoxidation at different temperatures (in comparison 
with complete reduction after high temperature TPO).
The results are in good agreement with those gained during TPO and can be explained 
as follows:
> Below 873K there is only partial reoxidation and the areas of the TPR peaks 
increase with increasing oxidation temperatures.
> Compared to Pd-free supports (see Figure 4.3), the reduction peak for samples 
subjected to low temperature reoxidation moved to lower temperatures, indicating 
some Pd - ceria interaction.
□ 295 K ■ 473 K □ 673 K □ 873 K ■ 1073 K
Pd/ceria-alumina Pd/terbia(1)- Pd/terbia(5)- Pd/ceria-alumina ceria-alumina terbia(5)-ceria-
ceria-alumina ceria-alumina (IMP) alumina
87/174
Chapter 4 -Non catalytic characterisation
> Only after oxidation at 1073K (when the ‘original’ TPR pattern (a’) is regained) a 
very strong Pd - ceria interaction is shown, indicating that with PdO 
decomposition at ~1000K a highly active Pd-O-Ce intermediate must be formed 
during cooling under 02.
> Reduction temperatures for the terbia-containing catalysts are higher and the 
materials tend to retain higher temperature stability. The 5 wt% terbia-containing 
material shows significant Pd - ceria interaction only after oxidation at 1073K. 
This indicates that the addition of terbia influences the Pd stabilisation and 
therefore also any Pd - ceria interaction.
To estimate the influence the actual sol-gel preparation route has on reduction and 
oxidation properties, the impregnated reference catalyst and a Pd-free support were 
tested after oxidation at room temperature and 673K. The respective reduction levels 
are also given in Figure 4.14. Again, it can be seen that the sol-gel preparation 
improves the rate and extent of reoxidation much more than the addition of Pd, since 
the level of reduction is much smaller for the impregnated Pd catalyst than for Pd free 
sol-gel-derived ceria-alumina.
Although these findings are in good agreement with the TPR profiles described in 
Section 4.1.2.2, an additional TPO experiment was carried out to provide a more 
complete picture.
From Figure 4.16 it is obvious that major 0 2 uptakes for the impregnated reference 
material appear at much higher temperatures (y) than observed for the sol-gel-derived 
material. Again, it is difficult to distinguish between Pd° and CeOx oxidation, but it 
seems that the (3 0 2 uptake of Pd/alumina (which was attributed to partial Pd° 
oxidation) is regained for the impregnated samples ((3’).
Another very interesting TPO feature is the much-increased area of the PdOx- 
decomposition peak (8). Even though all materials contained approximately the same 
amount of Pd (~2 wt%), the peak for the impregnated sample is more than four times
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in size. By performing a second TPO (after intermediate TPR) exactly the same 
profile was found.
—  Pd/alumina
Pd/ceria-
alumina
Pd/ceria-
alumina
(IMP)
300 500 700 T [K] 900 1100
Figure 4.16: 0 2-TPO of Pd/ceria-alumina (IMP). Also included for reference purposes are the TPO 
traces of pure Pd/alumina (SG) and Pd/ceria-alumina (SG).
These results again show that there are significant differences between the different 
materials produced here.
4.2.4 PdO decomposition and re-formation
PdO is said to decompose at temperatures above -1073K [16,17]. Cooling down in an 
oxidising atmosphere produces some form of PdOx. Farrauto et al [17] showed a 
support dependency of the PdO decomposition and re-formation temperatures. They 
claimed temperature differences between decomposition and re-formation of 45K for 
Pd/Ce02 (T dec= 1048K; 1 ^ =  1003K) and 21 OK for Pd/Al20 3 (Tdec= 1083K; Trec= 
873K). They further showed that the PdO decomposition temperature rose when rare 
earth oxides (with praseodymium as the most potential) were used.
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Rodrigues et al [16] performed in-situ electron microscopy on Pd/PdO supported on 
different oxides. They also found a significant fraction of PdO decomposing into 
metal, followed by a very rapid Pd - alumina interaction, that possibly led to a 
mixture of the two oxides. But even up to very high temperatures there were still 
fractions of PdO remaining.
To obtain information about PdO stability of the different catalysts used in this 
project, TPO experiments including the temperature hysteresis were carried out. The 
samples were heated at 10 K/min up to 1173K, kept there for 5 min and then cooled 
down with a ramp of 20 K/min. Results are given in Table 4.5.
Table 4.5: PdO decomposition and re-formation temperatures and 0 2 release/uptake for different 
materials.
Tdecomposition [ K ] Trc-fom iation P v l n02/npd
decomposition
rWnpd
reformation
Pd/alumina 1008 718 0.36 0.23
phys. mix
(Pd/alumina + ceria-alumina) 1009 718 0.36 0.22
Pd/ceria-alumina 1017 851 0.29 0.25
Pd/terbia(5)-ceria-alumina 1024 848 0.36 0.38
Pd/alumina (IMP) 1022 696 not available 0.42
Pd/ceria-alumina (IMP) 1025 811/705 0.76 0.83
Comparing those values the following statements can be made:
> The temperature of decomposition is within the same experimental range for all 
materials.
> There are significant differences in the temperatures of re-formation between pure 
Pd/alumina and ceria-containing materials (130K). The addition of terbia, on the 
other hand, does not show any influence.
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> By testing a physical mixture of Pd/alumina and ceria-alumina the same result is 
obtained as for simple Pd/alumina. This shows that the plain presence of ceria 
does not enhance the reoxidation of Pd; thus some closer Pd - ceria relation is 
necessary.
> Even though the values of 0 2 release / uptake differ for different materials 
(especially Pd/ceria-alumina and Pd/terbia-ceria-alumina), the relation between 0 2 
release and 0 2 uptake still provides a valuable insight into the Pd reoxidation and 
its support dependency. Whilst there is only a small release / uptake difference for 
the ceria-containing materials, pure Pd/alumina shows -35% more 0 2 release than 
uptake.
In the same experiment two impregnated reference samples were also tested: 
Pd/alumina (2 wt%) and Pd/ceria-alumina. For pure Pd/alumina only a slight move of 
PdO re-formation temperature to lower temperatures could be seen. The actual TPO 
pattern is fairly similar to that of the sol-gel-derived Pd/alumina sample. But again, 
there were big differences between impregnated and sol-gel-derived ceria-containing 
materials. Figure 4.17 gives the respective profiles for Pd/ceria-alumina (IMP) and 
Pd/terbia(5)-ceria-alumina.
Looking at the two traces, not only does the actual TPO profile vary with the method 
of preparation but also the respective peak sizes vary (even though the traces have 
been normalised to constant sample weight). Assuming that there is the same amount 
of Pd present in both materials, this imbalance would suggest that for the sol-gel- 
derived sample a higher fraction of Pd remains as PdO even after decomposition.
Additionally, the temperature of re-formation of PdO for the sol-gel material is shifted 
to slightly higher temperatures, again indicating an improved metal - support 
interaction for the sol-gel-derived material.
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Figure 4.17: 0 2-TP0 profiles including hysteresis for Pd/ceria-alumina (IMP) and Pd/terbia(5)-ceria- 
alumina. Both traces have been normalised in terms of sample weight.
4.2.5 Summary - Oxidation behaviour
As TPO experiments for pure Pd/alumina only revealed a minor peak (-600K), most 
oxidation must have taken place at room temperature or below. Unfortunately no 
absolute proof of this was obtainable here, but will be discussed in the context of XPS 
analysis (see Section 4.3).
Ceria oxidation also occurs partly at room temperature. However, it is only above 
673K that complete reoxidation is found (see temperature dependent reoxidation
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experiments). Oxidising the different ceria-containing materials at higher 
temperatures led to the formation of a highly reducible ceria species, since H 2 
reduction already occurs -45OK. The addition of terbia seems to alter this formation 
slightly.
The Pd-containing sol-gel catalysts had a superior reoxidation potential to the 
impregnated Pd/ceria-alumina reference. This difference can be attributed to the sol- 
gel preparation, especially as even the pure sol-gel supports show that improved 
reoxidation potential.
PdO decomposed at -1020K independent of the nature of the support for all catalysts; 
only the temperature requirement for the re-formation of PdO was influenced by the 
support. Re-formation of PdO on ceria-containing supports took place at temperatures 
-13 OK higher. The addition of terbia did not have any noticeable effect. An advantage 
of the sol-gel samples over impregnated ones could be that PdO re-formation took 
place at higher temperatures.
Looking at the respective peak sizes for PdO decomposition it appeal's that a higher 
fraction of PdO is maintained in the doped sol-gel catalysts above the decomposition 
temperature.
Summarising all those findings, especially in view of automotive application, the 
synthesised Pd-containing sol-gel materials show improved oxidation capacity (i.e. 
they are more easily reoxidised and therefore store more oxygen even at low 
temperatures than traditional materials). Further, a more oxidised Pd species seems to 
be predominant on such supports.
4 .3  X -r a y  p h otoelectron  sp ectroscop y resu lts
To investigate further the oxidation states of Pd and Ce components of the present 
catalysts, XPS analysis was carried out on a range of samples that had undergone
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different pre-treatments (see Table 4.6). Sample oxidation and reduction was 
performed, using 2% 0 2 in He and 6%  H 2 in N 2 respectively. All samples after their 
final oxidation step were kept under static ah' at 298K before analysis. Those 
undergoing final reduction were exposed to ambient ah only during a brief sample 
transfer.
Table 4.6: Samples examined by XPS after varying pre-treatments.
Catalyst pre-treatment
Pd/alumina 0 2/1073K/0.5h - H2/295K/lh
Pd/alumina H 2/1073K/10min - O 2/673K/0.5h
Pd/ceria-alumina O 2/673K/0.51i - H2/295K/lh
Pd/ceria-alumina H 2/1073K/10min - O 2/673K/0.51i
Pd/ceria-alumina H 2/1073K/10min - 0 2/1073K/0.5h
Pd/ceria-alumina (IMP) H 2/1073K/10min - O 2/673K/0.5h
Pd/terbia( l)-ceria-alumma no pre-treatment after calcination at 1173K
Pd/terbia(5)-ceria-alumina H 2/1073K/10min - O 2/673K/0.5h
High resolution XPS spectra were recorded for Al 2p, Pd 3d5(2, Ce 3d5/2 and Tb 4ds/2, 
charges were corrected to C Is at 284.6 eV. This enabled true binding energies (BE) 
to be deduced. The ceria spectra were deconvoluted using a least-square fitting routine 
to get a more detailed view of the complex contribution of various peaks to the overall 
XPS peak.
4.3.1 Results - Palladium
The recorded spectra are given in Appendix 6. All sol-gel-derived materials showed a 
relatively weak Pd signal. Therefore interpretation of the results could only be carried 
out to a limited extent due to poor signal to noise ratios.
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No standard samples of Pd and PdO were measured, but known literature values were 
used for comparison and discussion purposes. These are given in Table 4.7 together 
with the experimental binding energies. As the ceria-containing materials generally 
showed a much broader Pd peak (with no distinct maximum), lowest and highest 
values are given.
Table 4.7: Binding energy values for Pd 3d5/2 obtained for the different catalysts and pre-treatments.
Binding Energy Pd 3d5/2 [eV]
pre-treatment O 2/1073K-
H 2/295K
H 2/673K-
0 2/673K
H 2/1073K-
0 2/673K
H 2/1073K-
O 2/1073K
calcination 
at 1173K
Pd/alumina 334.6 335.8
Pd/ceria-alumina (SG) 334.5/336.3 335.1/336.2 335.1/337.5
Pd/terbia-ceria- 
alumina (l%terbia)
336.0/337.6
Pd/terbia-ceria- 
alumina (5%terbia)
335.8/337.8
Pd/ceria-alumina 
(IMP)
336.2
Pd° PdO
Ref I [18] 334.9 336.2
Ref II [61 335.2 336.5
(i) Reduced samples: Pd/alumina and Pd/ceria-alumina (SG)
Even though the reduced catalysts have been exposed to ambient air before XPS 
analysis, the Pd binding energy obtained for Pd/alumina suggested the presence of 
reduced Pd°. Pd/ceria-alumina on the other hand exhibits a broader peak, covering the 
region where one would expect to see Pd° and Pdx+. This suggests that due to the 
presence of ceria, partial reoxidation of Pd takes place under ambient conditions. 
Similar inferences could be made from the TPR/TPO analysis, as no significant Pd 
oxidation peak was detected for the ceria-doped samples. X R D  analysis, on the other 
hand, revealed no PdO after reduction at 1073K (see Section 4.1.2.2, Fig. 4.10(a)), but 
an intense Pd° reflection.
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(ii) Samples after reoxidation
Interpretation of the Pd XPS in samples after oxidation is quite complex. Supported 
Pd is known to exist in a varietyrchemical states, depending on its dispersion, 
preparative route and support composition. Therefore, only an evaluation of the 
different results in relation to each other can be given here.
The peak for Pd/alumina is sharper than those for oxide-doped samples (with a 
maximum at 335.8 eV). This indicates incomplete Pd oxidation, as the reference 
values for bulk PdO are about 0.4 eV higher. From the X R D  pattern of fresh 
Pd/alumina, given in Section 3.3.4 (Fig. 3.4 (a)) it was also deduced that even though 
the material had been calcined under static air, PdO and Pd° were present.
Looking at the two oxidised Pd/ceria-alumina samples, it appeal's that both catalysts 
(independent from their temperature of oxidation) show a higher fraction of less 
oxidised Pd, as they reach maximum photoelectron emission at 335.1 eV. Similar 
results have been reported [6] by those who found evidence for an intermediate state 
(between metallic Pd and PdO) after oxidation of Pd/ceria-alumina at 873K. This is 
associated with the formation of a Pd-O-Ce species.
Shyu et al [19] inferred the presence of intermediate Pd states using CeA103 that 
closely interacts with Pd. They believed that Pd actually assists in the formation of the 
complex, as well as its destruction via oxidation reaction (4.3):
h2
2 Ce02 + A120 3 + H 2 2 CeA103 + H 20  (4.3)
o2
Therefore for the oxidation the following model, involving adsorbed 0 2, was 
developed:
Pd - O 5 — O, .O O
Ce Al
0 O ^ 0
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In this model, Ce is tetravalent and Pd lies somewhere between Pd° and PdO. Using 
that model, it would also be possible to explain the Pd behaviour after reduction, as 
XPS revealed slightly oxidised character, but X R D  only showed Pd°.
Neither the 5 wt% terbia-containing sample (after reoxidation at 673K) nor the 
untreated 1 wt% terbia material displayed such low Pd binding energies. The addition 
of terbia seems to inhibit the Pd-O-Ce interaction. Similar behaviour was noted in 
TPR/TPO experiments, as the ceria only catalysts were reduced at lower temperatures, 
especially after isothermal reoxidation (see Figure 4.15).
For the ceria sample oxidised at 1073K (and the two terbia materials) additionally 
much-increased binding energy values were obtained. Schmitz et al [6] assign such 
high values to the existence of a more dispersed PdO. Investigating Pd/Ce02 catalysts, 
Shyu et al [19] also found an increased binding energy associated with PdO. As such 
high binding energies cannot be found for Pd/alumina only, they can be attributed 
once again to the presence of ceria and a quite well developed P d - O - C e  
interaction.
From the literature [16] it is known that on heating, PdO stalls to spread over the 
support. Subsequent reduction then allows the re-formation of Pd° crystallites. Due to 
the initial spreading, these crystallites are smaller than the initial Pd°. By repeating 
high temperature oxidation - reduction cycles a decrease in Pd particle size is 
produced. This would explain very well why Pd/ceria-alumina treated at 673 K  with 
H 2, followed by 0 2, does not show the high binding energies described earlier for the 
high temperature treated materials.
Summarising the XPS findings for Pd, it becomes evident that due to the high level of 
background noise, a detailed interpretation is difficult. However, differences between 
pure Pd/alumina and the ceria samples can still be seen, as the ceria materials exhibit 
a much broader peak. This is attributed to the existence of a variety of chemical states, 
caused by a Pd - ceria interaction. H o w  far terbia influences those profiles cannot be 
said for sure, but it seems that terbia slightly inhibits this Pd - ceria interaction.
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4.3.2 Results - Cerium
The Ce 3d peaks appear to be rather complex, as they relate probably to combinations 
of different oxidation states (Ce(III) and Ce(IV)). To gain a more detailed 
understanding, the 3d5/2 peak was deconvoluted into three single peaks, each with a 
F W H M  of 3.30 eV. The literature [5,18] gave values around 881.6 eV for Ce02, while 
Ce20 3 or CeA103 have higher binding energies. The different cerium spectra can be 
found in Appendix 6, together with two reference spectra [5]. To evaluate the results 
obtained, the relative areas of the three single peaks were taken as a measure of 
intensity and the respective intensity ratios were calculated, taking the peak with the 
lowest binding energy as 100% (see Table 4.8).
Table 4.8: Results obtained from peak deconvolution of Ce 3d5/2 region; ‘area % ’ gives the 
contribution of the respective peak towards the whole Ce 3d5/2 region, Tel. area5 gives the 
ratio of the single peaks to each other.
BEa
[eV]
area
%
rel.
area
BEp
[eV]
area
%
rel.
area
BEy
[eV]
area
%
rel.
area
Pd/ceria-alumina
(SG)
1073KO2/ 
295K H2
881.7 41 100 884.8 36 88 888.0 24 58
673KH2/ 
673K 0 2
881.7 40 100 884.8 37 93 887.9 23 58
1073 H2/ 
1073KO2
881.7 37 100 884.7 37 100 887.5 25 68
Pd/terbia(5)-ceria-
alumina
1073K H2 / 
6 7 3 K 0 2 881.9 36 100 884.8 37 103 887.4 27 75
Pd/ceria-alumina
(IMP)
1073KH2 / 
6 7 3 K 0 2 881.9 34 100 884.6 37 109 887.4 29 85
Dependent on the pre-treatment used, different peak profiles were obtained. Going 
from a final reduction step (H2/295K) to final oxidation (673, 1073K), the Ce02 a 
peak (881,7 eV) decreased in area whilst those at higher binding energies increased, 
indicating that a higher fraction of Ce3+ was present. This seems quite surprising, but 
an explanation will be proposed in the following section.
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As shown during H 2-TPR experiments, no major ceria reduction took place below or 
at room temperature. The XPS pattern observed after reduction at room temperature 
can therefore be associated with Ce02.
Much more unexpected is the fact that the samples, which have been initially reduced 
and then oxidised at 673 and 1073K, showed increased amounts of Ce3+ (P,y). This 
means that ceria, first reduced, is not completely reoxidised under these conditions.
TPR/TPO analysis, on the other hand, proved that after being cycled through several 
TPR-TPO experiments, Pd/ceria-alumina still released oxygen. However, the original 
TPR pattern could not be regained, as the high temperature peak (indicating Ce02 
bulk reduction) had partly vanished. This was explained in terms of the formation of 
a ‘non-ideal’ oxide matrix, which tended to be reduced far more easily than the 
original oxide network. This defective oxide matrix is believed to be caused by high 
temperature red-ox cycling, as described by Balducci et al [14] for Ce02-Zr02 mixed 
oxides. Evidence for that behaviour was also gained from X R D  analysis, as the 
reoxidised Pd/ceria-alumina sol-gel sample showed a much more amorphous pattern 
with a decreased amount of crystalline Ce02 present.
To verify the TPR results, a further H 2-TPR was carried out with one of the samples 
prepared for XPS. The TPR profiles obtained agreed well with those described in 
Section 4.1.2.2. This shows that, even though XPS analysis indicates the existence of 
a fraction of Ce3+, further oxygen release is still possible.
Shyu et al [5,19] have reported identical findings for their Pd/ceria-alumina catalysts 
(in terms of a Ce3+ XPS profile, but reducibility in H 2-TPR). They explained this by 
the existence of a CeAlC>3 precursor (which has an XPS profile similar to that of 
Ce203) but can still accommodates oxygen, as TPR revealed enhanced reduction. In 
comparison with pure Ce02, the CeA103 precursor releases oxygen at much lower 
temperatures. As has been described earlier, Pd plays an important role in CeA103 
formation and its reoxidation (to Ce02).
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The formation of CeA103 precursors is said to be dependent on the actual loading and 
dispersion of ceria. Ce02/Al20 3 materials with low ceria loading and high dispersion 
are more likely to form CeA103 at low temperatures. To convert bulk ceria into 
CeA103, H 2 treatments above 1073K are needed; if Pd is present this may be lowered 
to 773K.
Again here, it becomes obvious that Pd-Ce-Al materials are rather complex in their 
reduction and oxidation behaviour, with the simultaneous existence of different 
oxidation states and increased metal - support interactions.
Even though XPS analysis showed a partially reduced ceria species after reoxidation 
at different temperatures, TPR experiments still reveal a constant level of oxygen 
release. An explanation for this behaviour could be the formation of some CeA103 
precursor. However, looking again at the X R D  pattern given in Figure 4.10, no real 
evidence for the existence of such a CeA103 phase can be found. Nevertheless, as the 
X R D  pattern of the cycled sample showed severe changes compared to the fresh 
material, the partial formation of highly redispersed Ce02 crystallites seems likely.
4.3.3 Summary-XPS
Even though the XPS findings are rather complex, the following conclusions can be 
drawn:
> Differences between the Pd peaks for pure Pd/alumina and ceria-doped Pd 
systems after undergoing similar treatments proved the existence of a Pd - 
Ce interaction. It is believed that some Pd species in between Pd° and PdO 
dominates in Pd/ceria-alumina even after reduction.
> In comparison to an impregnated reference (Pd/ceria-alumina), the Pd 
peaks for the sol-gel samples cover much broader BEs, indicating much 
larger Pd - Ce interactions for these materials.
> After high temperature reduction - oxidation cycling an increased fraction 
of Ce3+ is detected. H 2-TPR and X R D  analysis also revealed changing
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results due to high temperature reduction - oxidation treatment. Regarding 
all these findings, the formation of (i) amorphous mixed Ce - Al oxide and
(ii) highly dispersed Ce02 crystallites is concluded, which allows an 
extended amount of 02 being stored and released easily.
4 .4  A d sorp tion  and desorption  o f  d ifferen t p r o b e  g a ses (O 2> C O , N O )
4.4.1 Literature review - Adsorption on palladium systems
Throughout the literature, work on adsorption/desorption on Pd-containing alumina 
systems can be found. The main focus here has been on CO  and N O  (that are 
important components of exhaust gases).
CO adsorption on Pd occurs at room temperature and shows two different geometries: 
lineal* and bridged, meaning that a single C atom can develop either one or two Pd - C 
bonds [20,21,22] (see Figure 4.18).
pdx
^ C  =  0  Pd — c = oP d ^
bridged linear
Figure 4.18: Possible configurations of C O  adsorbed onto Pd [24].
Due to the strong intramolecular C - O  bond, CO adsorbed onto supported Pd 
catalysts does not generally dissociate, although results involving single crystals or 
model catalysts suggest some dissociation [24,25]. Usual desorption temperatures for 
C O  on Pd/Al203 are above 450K. The desorption temperatures found for CO on PdO 
are lower, as the PdO - CO  bond is weaker [20]. Parallel to C O  desorption, C 0 2 
formation takes place as a result of the reduction reaction involving C O  and PdO [26]. 
Investigating mixed Pd/ceria-alumina systems, Summers and Austin could not find
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any improvement in CO adsorption due to the presence of ceria [22]. For Pd/ceria 
model catalysts, on the other hand, improved CO - ceria interactions were seen for 
pre-oxidised (but not for pre-reduced) samples [27]. CO - AI2O3 interactions are very 
weak and result from the formation of Al - CO3 components [21]. Adsorption onto 
Ce02-Al203 is slightly enhanced by Lewis acidity [28].
Quite different results for NO adsorption are found as N O  tends to adsorb onto the 
bare alumina washcoat, forming nitrate and nitrite species [1,20,21]. Addition of Pd 
enhances this adsorption. This is based on support - metal interactions [29]. 
Adsorbing N O  onto Pd, different geometric configurations can be found (see Figure 
4.19), depending on the precise chemical state of the metal. TPD experiments suggest 
N O  dissociation can only occur on metallic Pd [30]. Main N O  desorption takes place 
around 430K [20,31]. Supporting Pd onto ceria improves its adsorption capacity for 
N O  [27].
Pd —  N = o  Pd —  N = 0 5+ Pd —  N ^
Figure 4.19: Possible configurations of N O  adsorbed onto Pd [21,24].
Oxygen is known to adsorb onto metals, as well as metal oxides. For adsorption onto 
metai oxides, oxygen exchange with the oxide lattice may occur [32]. Oxygen 
desorption on Pd/Al203 appears above 873K before PdO decomposition takes place. It 
has been shown that the actual TPD pattern depends on a variety of factors (e.g. the 
exact pre-treatment, the support composition and the Pd dispersion [33]).
CO2 is hardly known to adsorb onto Pd [34]. In C0 2 TPD, Lee and Chen [35] saw 
desorption at -373K for both Pd/alumina and Pd/ceria-alumina. Following C0/02 
reaction Pavlova et al [36] found C 0 2 desorption for Pd/alumina at temperatures 
above 473K, indicating that C0 2 formed during this reaction is immediately freed 
without being further adsorbed and hence does not block any reaction sites needed.
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Concerning adsoiption of H2O, it has been reported that molecular adsorption occurs 
on group 8 - 1 0  metals at temperatures as low as 80K. Desorption usually also takes 
place far below relevant reaction temperatures for exhaust catalysis [37]. However, in 
contrast to the pure metal or metal oxide, transition phase aluminas are known to 
adsorb an enhanced amount of water. By performing H20  TPD on Pd/alumina 
Moweiy et al [38] found water desorption above 500K. In their paper they also 
describe the possible influence H20  could have on the deactivation of Pd/alumina due 
to blocking of surface sites and irreversible spreading into a highly dispersed state, 
which is less active in hydrocarbon oxidation.
4.4.2 Temperature programmed desorption experiments (TPD)
Temperature programmed desorption (TPD) was used to investigat the adsorption 
properties of Pd/alumina and Pd/ceria-alumina. The gases tested were CO and 0 2.
(i) Oxygen TPD
Independent from the actual support composition, strong 0 2 desorption occurred at 
temperatures above 700K for all catalysts after 0 2 adsorption at different temperatures 
(295, 823K), as can be seen in Figure 4.20. Usual amounts of released oxygen were 
between 3 and 4 mol 0 2/mol Pd.
By performing two subsequent desoiption experiments (He carrier) without the 
intermediate adsoiption step, it seemed that during the second run oxygen was still 
being liberated. This was thought to originate from PdO decomposition, even though 
the observed peak pattern differs. This can be attributed to the presence of different 
PdOx species and adsoiption sites.
This shows that even after initial PdO decomposition an oxidised form of Pd is still 
present. As similar findings were made for both catalysts tested, it cannot be attributed 
to the presence of ceria.
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—  Pd/alumina
Pd/alumina - 2.TPD
Pd/ceria-
alumina
300 500 700 T[K] 900 1100
Figure 4.20: 0 2 TPD after adsorption at 823K/30min; 2.TPD profile was obtained without 
intermediate 0 2 adsorption; traces have been normalised in terms o f  sample weight.
(ii) Carbon m onoxide TPD
Desorption peaks following CO adsorption at room temperature observed for both 
catalysts are very weak and occur at temperatures higher than 400K (Figure 4.21). 
Due to the non-specificity of the TCD detector used no differentiation between 
liberated CO or C 0 2 (as a reaction product of partial PdO reduction) could be made. 
CO TPD experiments using the catalytic testing rig and the specific CO analyser did 
not show any significant CO desorption, which could be due to the formation of C 0 2 
or simply a too low sensitivity of the CO detector.
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Figure 4.21: CO TPD after adsorption at 295K/30min; traces have been normalised in terms o f  sample 
weight.
(iii) Nitrogen oxide TPD
NO TPD was carried out on Pd/alumina and Pd/terbia( 1 )-ceria-alumina, using the 
catalytic testing rig. The samples were flushed with a lOOOppm NO/N2 stream 
(500cm3/min; 30min) at room temperature. TPD was performed on fresh, oxidised 
samples with a heating rate of lOK/min. Figure 4.22 shows the two resulting profiles, 
which clearly indicate NO desorption for both catalysts. The observed oscillation can 
be explained with an experimental instability of the furnace (see Section 2.2.2, Fig. 
2.11). From the single TPD profiles no assumption concerning the actual adsorption 
sites for NO on the catalysts can be made. Additionally, it needs to be bom in mind 
that the NOx analyser was run in the NOx mode and therefore no distinction between 
liberated NO and N 0 2 was possible in this experiment.
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T [K]
Figure 4.22: NO TPD profiles for Pd/alumina and Pd/terbia(l)-ceria-alumina.
4.4.3 In-situ FTIR experiments
To obtain further evidence of the nature of the adsorbed species and the adsorption 
sites, in-situ FTIR experiments were carried out. The main focus was put on CO and 
NO adsorption at room temperature and 473K (for details see Section 2.1.4).
Unfortunately, all the recorded spectra showed high background noise and so distinct 
absorption-band interpretation was very difficult. Even after changing the 
experimental set-up and parameters, no better resolution could be obtained. One of the 
reasons for this may be that the system used could not be evacuated.
However, some evidence concerning CO adsorption onto Pd/ceria-alumina and 
Pd/terbia(5)-ceria-alumina could be obtained, as shown in Figure 4.23. Comparing 
these spectra with literature values, the absorption band at 1986 cm'1 can be attributed 
to bridged bound CO on Pd [20,23]. Bensalem et al [39] suggested that this 
interaction is influenced by the presence of ceria, as Pd-CO bridged adsorption 
without ceria interaction would be shifted towards higher wave numbers. No evidence 
for linearly bound Pd-CO species could be seen, as the CO gas peak overlays the 
respective absorption bands around 2100 cm'1.
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wavenumber [cm-1]
Figure 4.23: In-situ FTIR spectra o f  CO adsorbed onto Pd/alumina, Pd/ceria-alumina and 
Pd/terbia(5)-ceria-alumina catalysts.
4.4.4 Summary -  Adsorption/desorption
The TPD results presented clearly provide evidence for NO and 0 2 adsorption, with 
0 2 adsorption being much stronger since desorption only took place at T > 700K. NOx 
on the other hand, started to desorb at -373K. For the ceria-terbia-doped Pd catalyst 
two distinct maxima were obtained, indicating the presence of additional NO 
adsorption sites due to the presence of the dopant.
Evidence for CO adsorption was more difficult to obtain, as the peak produced during 
CO TPD (using TCD gas analysis) was weak. Also, no CO TPD peak was detected, in 
the catalytic rig with its NDIR CO analyser. But performing in-situ FTIR analysis 
revealed the existence of adsorbed CO, at least for Pd/ceria-alumina and Pd/terbia(5)- 
ceria-alumina. Due to the experimental difficulties described, no statement concerning 
the existence of CO adsorption onto Pd/alumina can be made.
For none of the TPD experiments any detailed analysis of the desorbing gas stream 
was carried out. Therefore no information on surface reaction due to catalyst
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reduction or oxidation can be given here. However, the possibility of such reactions 
always needs to be kept in mind, especially concerning the results of CO adsorption 
and the likeliness of at least partial C 0 2 formation.
Even though the studies performed on the adsorption and desorption behaviour of 
different catalysts is far from complete, they give the necessary background 
information for a comprehensive understanding of the following catalytic 
experiments.
4.5 Temperature programmed reduction, using CO
Classical H2-TPR experiments were carried out to obtain information on OSC. 
However, in relation to automotive catalysts CO-TPR provides some additional 
information, as the two reduction processes differ from each other and CO represents 
a major exhaust gas component. Based on its molecule size, CO does not diffuse into 
the bulk of particles, but causes oxygen to diffuse to the surface.
In contrast to H2, CO reduces alumina-supported Pd only at elevated temperatures 
(-573K [40]). Ceria on the other hand is known to be partly reduced by CO at room 
temperature [1].
The slight baseline drift seen for all the samples (see Figure 4.24) was due to 
temperature sensitivity o f the CO detector used, but did not influence the overall peak 
pattern.
Pd/alumina showed two different regions of CO uptake: a sharp peak is observed at 
-460K  (a) and a much broader peak at ~710K (|3). The two peaks can be attributed to 
surface and bulk reduction respectively [8]. As baseline stabilisation was achieved 
fairly quickly, major CO uptake at room temperature can be excluded.
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Figure 4.24: CO-TPR profiles o f  different support materials (a) and Pd containing catalysts (b).
The pure supports took up CO at three temperature regions: 420 (8), 675 (y) and 980K 
(e), with the main peak being y. Comparing the three traces, no major differences can 
be seen; only the 5 wt% terbia containing material shows an overall higher CO 
consumption. This might well be attributed to the higher amount of co-oxide present. 
But as has been described for H2-TPR, no distinct terbia indicating peak can be 
obtained.
The profile of pure Ce02 (Aldrich, 99.999%) is also given in Figure 4.24 (a). Though 
a lager amount of pure ceria was used, only a very weak y peak could be seen for the
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mixed oxide. The main reduction for pure ceria occurs at much higher temperatures. 
This again shows, that due to better dispersion and hence higher surface area, CO 
reduction of the mixed ceria-alumina system is shifted towards lower temperatures.
Interesting results are found for the doped Pd catalysts. The main ceria reduction peak 
was shifted ca. 100K to lower temperatures (y‘), proving a Pd -  ceria interaction. Pd 
reduction on the other hand still occurs at 460K, while the broad p-peak cannot be 
detected anymore. Furthermore, all the doped catalysts performed enhanced CO 
adsorption at room temperature, as could be seen from TPR experiments, applying 
different baseline stabilisation times.
The profiles of the different Pd-containing materials show that the main Pd reduction 
peak (a) differs in size. This is due to the catalyst pre-treatment and hence the 
oxidation state. Work done by Serre et al [40] showed that oxidising the catalysts with 
an O2/CO mixture prior to TPR increases the peak sizes. It is thought that the presence 
of CO during pre-treatment induces a surface re-formation of Pd particles, leading to a 
modified oxygen species distribution.
As was shown during TPD, 0 2 adsorbed onto Pd catalysts and even after 773K, 
desorption is not completed yet. It is therefore likely that CO consumed during CO- 
TPR (a peak) does not only reduce PdO, but also includes any CO reacting with 
adsorbed 0 2.
Summarising the CO-TPR results clearly shows that the presence of Pd enhances the 
reduction of ceria, as CO (originally adsorbed on Pd) spills over and reduces ceria. As 
PdO reduction for all materials (with and without ceria) appeal's at the same 
temperature (~ 473K) CO spill over from ceria to PdO can be excluded.
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5.1 Temperature programmed catalytic experiments
5.1.1 Initial screening and evaluation
To assess the catalytic properties of the different synthesised materials, temperature 
programmed catalytic experiments were performed, using the standard exhaust gas 
mixture (R = 1.13) as described in Section 2.2.2. The aim of these initial experiments 
was to get information on the
>  influence of sol-gel methods and different precursors
>  incorporation of Pd (impregnation versus direct sol-gel methods)
>  influence of the different rare earth oxides and their concentration 
levels
>  influence of pre-treatments 
on the catalytic properties exhibited.
(i) Influence o f preparative route
Different researchers [1,2,3] suggest deNOx activity for Pd catalysts can be improved 
by the addition of lanthana. A  range of lanthana-containing samples was prepared, 
using N 0 3' and acetylacetonate (acac) precursors. CO and NO activity were used to 
evaluate their catalytic potential. NO3" derived supports showed higher activity than 
acac-based ones.
It appears that the catalytic activity of the different materials correlates with the 
average Pd particle size, as estimated from TEM: the better the dispersion, the higher 
the catalytic activity. For the acac-derived catalysts, Pd clusters as big as 400 nm were 
found throughout the support, whilst the Pd(N03)2 involving route produced fairly 
homogeneous particles in the size of < 50 nm (see Appendix 4).
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T [K]
T[K]
Figure 5.1: CO and NO conversion for different Pd/lanthana-alumina catalysts (2 wt% Pd, 20 wt% 
lanthana) during a standard temperature programmed catalytic test (R = l. 13). Data points in 
case o f  CO and NO analysis are too abundant to be shown individually.
The preparative method finally chosen used nitrates as the pre-cursors for the co­
oxide as well as for the direct introduction of Pd into the sol. This produced very 
active catalysts, which showed even better performance than an impregnated 
reference catalyst.
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(ii) Influence o f the doping rare earth oxides
Materials containing lanthana. ceria and terbia at different loadings ( 1 - 2 0  wt%) were 
prepared and tested. Those containing 20 wt% dopant showed the highest catalytic 
activity.
To evaluate the catalytic activity of the pure support materials, these were also tested 
under the standard conditions described. As no further pre-treatment was applied, 
fully oxidised catalysts can be assumed. None of the supports showed any significant 
NO conversion. But looking at the oxidation potential, a much improved CO 
oxidation could be found for the terbia-containing material (Figure 5.2).
T [K]
Figure 5.2: CO conversion o f  pure support materials during a standard temperature programmed 
catalytic test (R= 1.13).
Concerning the Pd-containing catalysts it can be seen from Figure 5.3 that all 
materials performed very well in terms of CO conversion, with the ceria-containing 
catalysts showing the lowest light-off temperatures. The addition of ceria (in the 
absence of terbia) did not result in any improvement in the rate of propane oxidation 
compared with that of pure alumina. Lanthana and terbia-ceria on the other hand 
provide a decrease in propane oxidation light-off temperature as well as a more rapid 
change in activity with increasing temperature.
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T[K]
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Figure 5.3: CO, propane and NO conversion o f  different doped catalysts [Pd/alumina, Pd/ceria- 
alumina (20 wt%), Pd/terbia-ceria-alumina ( l ,2 0 w t% ) and Pd/lanthana-alumina 
(20 wt%)] during a standard temperature programmed catalytic test (R =l. 13).
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The light-off temperature for propane conversion for all the materials was found at 
identical temperatures to that of the main NO activity, suggesting that the propane -  
NO reaction takes place in preference to the CO -  NO reaction. All the materials 
display poor NO conversion, whilst they eventually convert 100% propane. This may 
well be explained by the overall lean composition of the reactant gas mixture 
(R=1.13) and the general limited NO activity known for Pd catalysts. In addition, the 
lanthana-containing material showed enhanced NO conversion at a surprisingly low 
temperature (-49OK). As the samples had not been pre-treated in-situ and the activity 
peak vanished when a subsequent catalytic run was performed, it was attributed to the 
presence of water and hence a hydrogen -  NO reaction. Similar behaviour has been 
reported elsewhere for lanthana-promoted Pd catalysts [4].
Based on these initial catalytic results, a detailed characterisation and evaluation of 
the Pd/terbia-ceria-alumina system was carried out. For a comprehensive study 
therefore all the relevant materials were synthesised again, assuring reproducibility. 
To limit the influence of adsorbed reactants, it was decided to treat all the catalysts in- 
situ with N2 at 773K prior to any catalytic experiment. The resulting catalysts will be 
present in a water-free, oxidised state, as calcination at 1173K leads to oxidation of Pd 
and ceria/terbia (see Chapter 4.3).
5.1.2 Catalytic characterisation using different air-to-fuel ratios
To evaluate the catalysts’ full potential, the re-prepared materials were tested under 
nearly stoichiometric conditions (R = 1.13) as well as under extreme lean and rich 
environment (R = 4.84 and 0.34). For reference purposes an impregnated PtRh/ceria- 
alumina catalyst, containing equivalent amounts of precious metal and ceria, was 
examined. Figures 5.4 to 5.6 give the results for the respective exhaust gas mixtures.
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120
—  Pd/ceria-alumina
—  Pd/terbia-ceria-alumina 
(1wt%)
—  Pd/terbia-ceria-alumina 
(5wt%)
—  Pd/alumina
—  PtRh/ceria-alumina
673 773 873
T [K]
T [K]
Figure 5.4: CO (a), propane (b) and NO (c) conversion during a standard temperature programmed 
catalytic run (R = 1.13; 6000ppm CO, 520ppm propane, lOOOppm NO, 5800ppm 0 2, 10% 
C 0 2, bal. N2; 500cm7min; 200mg; 7.5K/min) for the different prepared materials.
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T [K]
T [K]
(c)
273 373 473 573 
T [K]
673 773 873
Figure 5.5: CO (a), propane (b) and NO (c) conversion during a fuel-rich temperature programmed 
catalytic run (R = 0.34; 1.3% CO, 620ppm propane, 990ppm NO, 2800ppm 0 2, 10% C 0 2, 
bal. N2; 500cm3/min; 200mg; 7.5K/min) for the different prepared materials.
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Figure 5.6: CO (a), propane (b) and NO (c) conversion during a fuel-lean programmed catalytic run (R 
= 4.84; 6200ppm CO, 360ppm propane, llOOppm NO, 1.3% 0 2, 10% C 0 2, bal. N2; 
500cm7min; 200mg; 7.5K/min) for the different prepared materials.
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5.1.2.1 Standard exhaust gas mixture, R = 1.13
As all the Pd-containing samples have been re-prepared, the reproducibility of the 
initial results could be demonstrated and therefore the suitability of the chosen 
preparative route confirmed.
All the Pd-ceria-containing catalysts display improved CO activity compared to pure 
Pd/alumina and PtRh/ceria-alumina with T5o% «  425K. To estimate the influence of 
stored oxygen towards that remarkable low CO light-off temperature, the amount of 
CO converted between 373 and 473K (difference in CO light-off temperature between 
Pd-ceria catalysts and pure Pd/alumina) has been calculated:
6000ppm CO • 500 cm3/min =  3 cm3/min CO (1)
3 cm3/min C O : 22414 mol/cm3 — 0.134 mmol/min CO (2)
heating rate: 7.5K/min 13.3 min fo r  100K (3)
from (2), (3): VCo absolute [373K; 473KJ = 0.178 mmol
assumption: 50% CO conversion fo r  Pd-ceria materials between 3 73 and473K
0.89 mmol CO converted
The amount of stored and adsorbed oxygen (see Section 4.1.2), even assuming 
complete ceria reduction at those low temperatures, does not exceed 0.1 mmol 0 2 for 
the considerable reaction period. It therefore becomes evident that the enhanced CO 
activity of the Pd-ceria-containing systems cannot entirely be attributed to the 
participation of stored oxygen, but it may effect transient catalysis. No distinct 
differences due to the addition of terbia were revealed.
For the oxidation of propane on the other hand, the terbia systems do show enhanced 
activity over simple Pd/ceria-alumina.
In terms of oxidation activity, the superiority of the Pd systems over the PtRh/ceria- 
alumina reference catalyst can clearly be seen, even though all the catalysts contain
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about the same level of platinum group metals (PGM) and ceria. CO light-off 
temperature for PtRh/ceria-alumina is at nearly 170K higher temperatures.
However, considering the NO side, the advantage of the PtRh/ceria-alumina catalyst 
is clear. Examining the NO trace more closely, two maxima can be revealed, 
suggesting a change in reaction mechanism, especially as these maxima in the rate of 
NO removal correlate with CO and propane light-off temperatures respectively.
Even though NO activity for all the Pd-containing catalysts is low, the Pd/alumina 
material also shows two different regions of NO activity. Again, the peak positions 
are at maximum CO and propane activity. As was shown in Section 5.1.1, 
Pd/lanthana-alumina also exhibited NO activity at low temperatures. This was 
attributed to H2O/H2 participation, which can now be excluded due to an in-situ pre­
treatment.
The first NO peak was examined more closely in a series of experiments, involving 
different sample pre-treatments; its appearance seems to be connected to the Pd 
oxidation state. The reduced 5 wt% terbia catalyst (H2; 393K) and oxidised 
Pd/alumina (flowing ah; 873K) have been examined. Temperature programmed 
results are given in Figure 5.7 (a,b). These results suggest that low temperature NO 
activity depends on the actual Pd oxidation state, with a more reduced species 
showing improved NO activity. They also suggest that a more reduced Pd species 
catalyses the direct NO/CO reaction, while more oxidised Pd is only NO active at 
higher temperatures. Figure 5.7 (c) gives further proof for the above description and 
shows the influence of different modes of in-situ cooling used between catalytic tests.
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Pd/terbia-ceria-alumina (5wt% terbia)
(a)
(b)
T [K]
Pd/alumina
T[K]
Pd/terbia-ceria-alumina (1wt% terbia)
(c)
—  fresh sample, no pre-treatment
—  after cooling in CO/N2
—  after cooling in air
—  after cooling in mixture
873
Figure 5.7: Temperature programmed catalytic run (R = 1.13) after different pre-treatment: (a) 
Pd/terbia(5)-ceria-alumina after N2/773K and H2/393K; (b) Pd/alumina after N2/773K and 
air/873K; (c) Pd/terbia( 1 )-ceria-alumina: subsequent catalytic runs after in-situ cooling in 
different environment.
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5.1.2.2 Fuel-rich exhaust gas mixture, R = 0.34
Even though the chosen air-to-fuel ratio represents an extreme exhaust condition, it is 
a useful tool allowing one to determine the catalysts’ potential during for example a 
cold start.
Again, the ceria-containing Pd samples exhibited a very low CO light-off temperature. 
It is obvious that CO conversion commences without any NO being reduced. For 
Pd/alumina on the other hand, CO and NO activity-temperature profiles are identical.
After observing a maximum rate, the CO profiles for all catalysts examined decreased 
again, whilst propane conversion starts. This showed that above a certain temperature 
propane oxidation was the kinetically preferred reaction. Only small differences in the 
propane light-off temperatures could be seen between doped and undoped Pd 
catalysts.
NO light-off temperatures for the ceria-containing materials were also decreased 
compared to that for pure Pd/alumina, with about 90% NO being converted at 500K. 
As no significant amount of propane was converted in this temperature range, this 
clearly indicates that a CO-NO reaction is taking place. Unfortunately, no N20  
analysis could be performed during these experiments and so no evidence can be 
given about the completeness of NO reduction.
The various NO profiles exhibited different regions of maximum conversion, with 
that for Pd/alumina being the most obvious. Paralleling the CO trace, NO conversion 
again dropped until propane started to react, suggesting that the propane -  NO 
reaction was then taking place. A  second minimum could be seen for all the ceria- 
containing materials, indicating another change in the reaction mechanism.
Under these severe conditions, the PtRh reference catalyst showed the same final 
activity, but the light-off temperatures for all three components were raised.
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5.1.2.3 Fuel-lean exhaust gas mixture, R = 4.84
Comparing CO activity -  temperature profiles under lean conditions to that measured 
under ‘stoichiometric’ conditions, it appears that the light-off temperature remains 
constant for ceria materials and decreases for pure Pd/alumina and PtRh. This shows 
that even though there is nearly twice as much oxygen as CO present during a 
‘stoichiometric’ run, oxygen availability still represents the rate-limiting factor for 
Pd/alumina and PtRli/ceria-alumina, The CO activity of the Pd-ceria catalysts on the 
other hand is not limited by oxygen availability.
For propane oxidation, the terbia-containing catalysts did not show any further 
decrease in light-off temperatures, compared to those observed during the 
‘ stoichiometric’ run. Pd/alumina and Pd/ceria-alumina light-off temperatures on the 
other hand were decreased. This again indicates that oxygen availability is rate- 
limiting for the propane oxidation reaction and that terbia may improve oxygen 
adsorption or dissociation under near-stoichiometric conditions.
As expected under very lean conditions, no major NO conversion took place at any 
temperature. However, interestingly enough, some NO reduction (-10% ) is still 
observed for the ceria-containing Pd catalysts (unlike PtRh).
5.1.3 Summary -  Temperature programmed catalytic experiments
Temperature programmed catalytic runs at different air-to-fuel ratios have been used 
to evaluate the catalysts’ three-way potential. Reproducibility of the preparative 
method (as well as the catalytic results themselves) was proved.
It appears that the rate of CO conversion over ceria-containing catalysts is not 
dependent on po2 as constant light-off temperatures are obtained for all three exhaust 
gas compositions. Pd/alumina on the other hand showed a decrease in CO light-off 
temperature with increasing 0 2 : CO ratios. This increased CO activity for the ceria
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catalysts cannot be entirely attributed to stored or adsorbed oxygen. It is believed that 
ceria itself participates in the reaction, undergoing a redox cycle. The following ceria- 
mediated mechanism has been suggested [5]:
CO COad (5.1)
CO + 2CeO2 Ce2Os + C02 (5.2)
Ce20 3 + V2O2 2 Ce02 (5.3)
COad + 2Ce02 Ce20 3 + C02 (5.4)
COad: CO adsorbed onto Pd
This mechanism requires that oxygen from Ce02 is transferred to the Pd. where CO is 
adsorbed. Bunluesin [5] pointed out that a decrease in ceria dispersion leads to a loss 
in rate enhancement, as the Pd-ceria interface decreases and oxygen transfer is 
limited.
To ascertain the likelihood of the above mechanism and the importance of the ceria 
dispersion (and hence the extent of the Pd -  ceria interface) sol-gel-derived Pd/ceria- 
alumina has been compared to an impregnated reference catalyst of the same 
composition (Figure 5.8). It becomes obvious that the sol-gel sample exhibits CO and 
NO activity at lower temperatures. This can be associated with an improved Pd -  Ce 
interface for the sol-gel materials.
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Figure 5.8: Comparison o f  different Pd/ceria-alumina samples (sol-gel and impregnated) during a fuel- 
rich catalytic run (R = 0.34).
127/174
Chapter 5 - Catalytic characterisation
Following the above theory, the remarkably low NO light-off temperatures may also 
be explained. As CO undergoes oxidation, surface sites for NO adsorption are 
available. NO dissociation is known to take place on metallic Pd° already above 423K
[6], During CO-TPR it was shown that Pd is reduced -45  OK, independent of the 
support material. Hence, the CO -  NO reaction could commence at such low 
temperatures.
Under stoichiometric conditions on the other hand, Pd/ceria-alumina is present in a 
more oxidised form, as ceria catalyses its reoxidation at lower temperatures. Therefore 
no low temperature CO -  NO reaction takes place, as NO dissociation is inhibited. 
Together with the results presented in Figure 5.7 this clearly shows that for the low 
temperature CO -  NO reaction reduced Pd is necessary.
However, during the experiments under near-stoichiometric conditions all the Pd 
catalysts displayed some NO activity at higher temperatures, which are identical to the 
light-off temperatures for propane. As Pd is likely to be present in an oxidised form at 
such temperatures and net oxidising atmosphere, a different mechanism seems to be 
involved here.
An explicit influence of terbia can only be seen for propane oxidation under 
stoichiometric conditions, as its light-off temperature was moved to lower values. 
This may be associated with the existence of a more oxidised Pd species, as was 
shown during XPS analysis.
In comparison with PtRh/ceria-alumina the Pd materials showed an increased activity 
for nearly all reactions. It is only for NO reduction near stoichiometry that PtRh/ceria- 
alumina achieved far higher rates of reaction.
From these experiments, initial ideas concerning relevant catalytic mechanisms and 
the influence of the Pd oxidation state, co-oxide and gas composition have been 
gathered. To get a more detailed view of these matters, the relatively complex 
catalytic reaction will be split into the relevant single reactions. Additionally, 
isothermal experiments at different air-to-fuel ratios were to be carried out.
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5.2 Single component reactions
To this point, all catalytic experiments have been carried out with a complex exhaust 
gas mixture (containing CO, propane, NO, 0 2 and C 02) to compare the overall 
activity of the different catalysts. In the following set of experiments, the 
‘stoichiometric5 composition (R = 1.13) was taken as base line condition and the 
reaction has been split up into single component reactions which were performed in a 
temperature programmed mode. The aim of these experiments was to get a more 
detailed view on the mechanisms involved. Therefore only the different sol-gel- 
derived materials were considered (i.e. Pd/alumina, Pd/ceria-alumina and the two 
terbia-containing samples).
5.2.1 CO involving reactions: CO -  NO and CQ -  NO -  O?
5.2.1.1 Pd/alumina
Two different reactions involving CO were carried out:
>  CO-NO (6000ppm CO, lOOOppm NO) and
>  C 0 -N 0 -0 2 (6000ppm CO, lOOOppm NO, 3000ppm 0 2)
Figure 5.9 gives obtained results for both reactions. For completeness the product gas 
stream was also tested for N20 .
In the absence of oxygen (Figure 5.9, a), the CO -  NO reaction over Pd/alumina 
proceeded with NO and CO light-off temperatures at -535K  and an initial maximum 
rate (or shoulder) at 51 OK. A  similar NO profile was observed during stoichiometric 
studies (Figure 5.4) and can also be seen for the C 0 -N 0 -0 2 reaction (Figure 5.9, b).
As the catalyst has been thermally pre-treated, the influence of water (and hence the 
H2 -  NO reaction) can be neglected.
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Figure 5.9: CO-based catalytic experiments over Pd/alumina: CO-NO after flushing with N: at 473K 
(a), C 0 -N 0 -0 2 after high temperature oxidation (b).
In Section 4.5 it was shown that reduction during CO-TPR took place just below 
473K, while reoxidation only occurred at elevated temperatures (see Section 4.2.2). 
XPS also revealed a relative low binding energy for samples reoxidised at 673K, 
indicating incomplete reoxidation at that temperature. To get more information about 
the actual oxidation state of Pd. another set of CO-TPR experiments was carried out 
(see Figure 5.10).
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Figure 5.10: CO-TPR o f  Pd/alumina after different pre-treatments.
It appears that no reduction peak can be seen after the CO-NO-O2 reaction 
(3000ppm O2). As the sample has been reduced before the catalytic experiment, this 
shows that even though the reaction mixture has a net oxidising potential, no Pd 
reoxidation took place. After oxidation at 673K only partial reoxidation occurred.
It is therefore believed that the initial CO peak during the CO -  NO reaction can be 
attributed to Pd reduction. Due to NO adsorption, it is shifted to higher temperatures 
(i.e. 51 OK). This change in oxidation state also influenced NO reduction. If metallic 
Pd was present, NO will decompose easily, but due to adsorbed oxygen deactivation 
occurs.
The initial increase in NO reduction rate is therefore attributed to NO decomposing on 
metallic Pd°, which eventually leads to the formation of a kinetic shoulder as oxygen 
accumulates on the surface. It is only after Pd reduction has been completed that CO 
can fully react with NO, probably via a redox mechanism [6].
A similar mechanism is believed to control the CO-NO-O2 reaction, as CO initially 
reduces Pd, independent of the composition of the reactant gas. Only at higher 
temperatures does reoxidation eventually occur.
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No differences in light-off temperatures or conversion level were obtained in the CO- 
NO-O2 reaction with pre-reduced and pre-oxidised catalysts (not shown). This 
indicates that, even though Pd° is present, no NO decomposition takes place due to 
oxygen and CO blocking the necessary adsorption sites [5].
The reaction steps in the CO-NO-O2 catalytic process are:
NOg A NOad (5.5)
NOad Nad + Oad (5.6)
COg COad (5.7)
o 2g 02ad (5.8)
O2od 2 Oad (5.9)
COad + Oad C02 (5-10)
2 Nad n2 (5.31)
NOad + Nad n2o (5.12)
For the CO-NO-O2 reaction increased N20  levels were found compared to the CO- 
NO reaction. Due to the presence of oxygen, fewer adsorption sites for NO are 
available (5.5) and hence less NO will dissociate (5.6), which finally leads to an 
increase of N20  formation via reaction (5.12).
5.2.1.2 Ceria-containing catalysts
Figure 5.11 shows the conversion levels exhibited during CO-NO reaction by the 
different Pd-ceria catalysts. All three catalysts showed an extraordinarily low NO 
light-off temperature. Compared to pure Pd/alumina, CO also shows a much lower 
light-off temperature (as already seen in temperature programmed runs using complex 
gas mixtures). This is attributed to the participation of ceria.
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Pd/ceria-alumina
T [K]
Pd/terbia(1)-ceria-aiumina
T[K]
Pd/terbia(5)-ceria-alumina
T [K]
Figure 5.11: CO-NO reaction on different ceria-containing catalysts: Pd/ceria-alumina (a),
Pd/terbia(l)-ceria-alumina (b) and Pd/terbia(5)-ceria-alumina (c).
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Examining the different NO traces more carefully, again the formation of a maximum 
around 523K can be seen. Also, increased N2O levels were observed, especially at 
low temperatures. Comparing the three traces, it appeal's that the terbia-containing 
catalysts reveal a further shoulder at temperatures around 380K.
As for Pd/alumina, the main NO-CO reaction occurs on reduced Pd°. All three doped 
catalysts were in an oxidised form before the NO-CO experiment. CO-TPR showed 
that reduction of Pd on ceria-containing materials took place at similar temperatures 
to Pd/alumina. Therefore ceria must be responsible for the decrease in NO light-off 
temperature, as Pd will still be present in an oxidised form at such low temperatures.
CO-TPR revealed further that ceria reduction takes place partly at room temperature 
and is promoted by Pd. The ceria-mediated CO oxidation mechanism, described for 
the rich catalytic run, is based on this ability. Reoxidation of ceria was then ascribed 
to oxygen.
It has been shown that NO can also reoxidise ceria [5,7,8]. NO TPD and catalytic 
experiments provided proof of the participation of ceria in the removal of NO 
[7,9,10]. O-vacancies are believed to play a key role during the NO-CO reaction 
below 473K:
2 Ce02 + 9 C 0 2 (5.13)
c o g c o ad(Pd) (5.14)
+ NOg 2 C e02-Nad (5.15)
Ce02-Nad + NOg Ce02 + N20 (5.16)
2 Ce02 + COad(Pd) + C 0 2 (5.17)
□: 0  vacancy
COad(Pd): CO adsorbed onto Pdx+
Only when Pd undergoes reduction (-473K) direct NO-CO reaction on Pd takes 
place. This could explain the first NO reaction rate maximum.
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In Figure 5.12 the results obtained during the CO-NO-O2 reaction are shown for 
Pd/ceria-alumina and Pd/terbia(5)-ceria-alumina. It appears that significant 
differences are exhibited depending on the catalysts’ oxidation state.
Comparing the results for reduced and oxidised catalysts, similar CO activity is noted 
in both cases, but the NO conversion profile shows a much-decreased light-off 
temperature for the reduced catalyst. This can again be attributed to the participation 
of ceria, as the catalyst provides the necessary oxygen vacancies due to the reductive 
pre-treatment. Above ca. 500K a change of mechanism towards Pd participation takes 
place, with the influence of oxygen becoming more apparent, as the overall NO 
conversion level only reaches 70%.
Examining the NO trace after pre-oxidation, it appeal's that up to -373K  identical 
conversion profiles are obtained for pre-reduced and pre-oxidised samples. Above that 
temperature NO conversion drops for the pre-oxidised catalysts and NO desorption 
can be observed. This can be attributed to the presence of PdO, which allows NO to 
adsorb but does not catalyse NO dissociation at such low temperatures. NO 
conversion only starts at temperatures where Pd can be reduced by CO (-45OK), as 
already explained above for pure Pd/alumina.
The NO conversion on pre-reduced and -oxidised Pd-ceria catalysts shows that below 
473K reduced ceria plays a key role. Above 473K, Pd° is the catalyst, which is not 
influenced by the addition of ceria as similar' conversion levels are obtained for pure 
Pd/alumina and the ceria-doped materials.
Investigating the influence of terbia on NO conversion, a slight increase in NO 
activity can be seen for the pre-reduced terbia material in the ceria mediated 
temperature region. Whether this is significant and can be attributed to terbia5s 
stabilisation of a more reduced ceria (see Section 4.1.2), cannot yet be said for sure.
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Pd/ceria-alumina - reduced
T [K]
Pd/ceria-alumina - oxidised
T[K]
Pd/terbia(5)-ceria-alumina
T [K]
Figure 5.12: C O -N O -02 reaction over different ceria-containing catalysts after undergoing different 
pre-treatment.
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No relation between CO activity and the catalysts’ oxidation state could be seen. CO 
conversion was actually independent of NO conversion and hence the source of 
oxygen. As has been described previously, oxidation at lower temperatures is believed 
to take place via a ceria-mediated mechanism (see Section 5.1.3).
5.2.2 Propane involving reactions: C*Ha -  NO, CjHg -  O? and C^Hs -  NO -  P 2
The single reactions performed with propane were:
>  propane - NO (520 ppm propane, 1 OOOppm NO)
>  propane - 0 2 (520 ppm propane, 2600 ppm 0 2)
>  propane - NO - 0 2 (520 propane, 1000 ppm NO, 2600 ppm 0 2)
As Pd-containing catalysts are known to produce NH3 during hydrocarbon -  NO 
reactions [1 1 ], isothermal experiments here were carried out with the gas being 
flushed through a standard FTIR gas cuvette, containing NaCl-windows. Recording 
the respective spectra provided qualitative proof of the existence of gas-phase NH3, 
NO, N 0 2 and N20 .
5.2.2.1 Pd/alumina
Figure 5.13 (a) gives the propane -  NO results for pure Pd/alumina. The catalyst was 
originally present in an oxidised form. It appeal's that after an initial rapid increase, 
NO conversion starts to drop again, whilst propane conversion continues to increase. 
To compensate for the lack of oxygen, CO is formed. However, far more propane is 
converted than oxygen is available from NO conversion, even when considering only 
partial oxidation and CO formation. FTIR gas analysis revealed NH3-formation at 
temperatures above 600K. N20  on the other hand only emerges during initial NO 
conversion.
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By comparing the propane light-off temperature for the two different reactions, it 
appears that with oxygen present an increased hydrocarbon activity is obtained and 
much decreased NO conversion.
T[K]
T [K]
Figure 5.13: Propane involving catalytic experiments on Pd/alumina: propane-NO after oxidation (a), 
propane-NO-02 after reduction (b).
The results for the propane -  NO reaction (a) clearly show the difficulties involved in 
the hydrocarbon -  NO reaction on Pd-based catalysts. As has been explained earlier, 
NO reduction is initiated by its dissociation on reduced Pd. Complete propane 
oxidation on the other hand is favoured by oxidised Pd sites [12,13,14]. By adsorbing 
propane onto reduced Pd, strongly chemisorbed propane is obtained, resulting in a
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decreased activity and the formation of surface-carbonates and finally coke [12,15]. 
Maillet et al [12,16] showed for Pd/alumina that under fuel-rich conditions no 
differences in activity due to the oxidation state are noted, as propane reduces Pd 
between 573 and 623K.
The two regions of NO activity for the propane -  NO reaction can be explained as 
follows. Initial propane oxidation takes place on still oxidised Pd species, whilst NO 
reacts with dissociated hydrogen, partly forming N20  [17]. After reaching a 
maximum in NO conversion rate the formation of NH3 commences. Comparing the 
propane trace under oxygen free conditions with that when oxygen was present, it can 
be seen that up to the temperature of the maximum rate of NO conversion both 
propane conversion profiles show similar rates. It is only above -593 K when the 
conversion of propane declines for the oxygen-ffee reaction. This is attributed to Pd 
reduction by propane and hence a decrease in conversion rate. Following the 
reduction, enhanced propane adsorption occurs, finally resulting in a decreased NO 
conversion. To equalise the inbalance in oxygen less oxidised carbon species and 
possibly coke are formed. Maillet et al [12,16] also suggested an enhanced propane 
conversion due to steam-reforming taking place on reduced Pd/alumina (see 
Equations 1.13, 1.14).
The mechanism involved in NFL-formation is known to be quite complex, applying 
different reaction pathways [11]: via (i) a direct NO -  Had reaction, with hydrogen 
originating from dissociated propane, (ii) NO -  H2 reaction with hydrogen from the 
water-gas shift or steam reforming reaction or (iii) hydrogenation of intermediate 
isocyanates.
For the propane -  NO -  0 2 reaction no NH3 formation was found. The rate of NO 
conversion dropped tremendously and was shifted to higher temperature; propane 
was mainly oxidised by oxygen. The initial peak in NO conversion at low 
temperature can be attributed to NO decomposition, as the catalyst is initially present 
in a reduced state.
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5.2.2.2 Ceria-containing catalysts
Figure 5.14 gives the results for the propane -  NO reaction over different ceria and 
ceria-terbia materials. The main differences (compared to Pd/alumina) are found 
during the initial propane conversion; a more rapid increase in the rate of propane 
conversion is seen for ceria materials. At higher temperatures the conversion slows 
down. For all three materials NFh-formation was proved. Only Pd/ceria-alumina 
formed N20 .
The change in mechanism occurring at the same temperature as for Pd/alumina, 
indicates that ceria does not influence Pd reduction by propane. The initial activity 
increase on the other hand can be attributed to (i) propane adsorbing onto ceria, 
dissociating there and reacting [7] and (ii) the presence of a more oxidised (and hence 
more active) Pd species for Pd/ceria-alumina before reductions occurs. In analogy to 
the earlier described ceria-mediated mechanism for CO oxidation, the here produced 
O-vacancies also provide reaction sites for NO.
Comparing the three traces, it appears that with an increasing terbia content less CO 
is formed. For Pd/terbia(5)-ceria-alumina a levelling out of propane conversion is 
observed, resulting in a second maximum in the rate of NO conversion.
The conversion profiles of propane during propane - NO - 0 2 reactions for the three 
ceria-containing materials (not shown) were identical with that of pure Pd/alumina. 
Similar behaviour has already been found in the catalytic experiments under fuel-lean 
conditions.
The two terbia-containing catalysts were further tested in the propane -  0 2 reaction. 
The obtained data revealed lower light-off temperatures and higher conversion levels 
for the 5 wt% terbia-containing material:
Pd/terbia(l)~ceria-alumina: < 70% conversion, T50o/0= 677K 
Pd/terbia(5)-ceria-aluniina: 80% conversion, T5oo/0 = 630K
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Pd/ceria-alumina
T [K]
Pd/terbia(1 )-ceria-alumina
T[K]
Pd/terbia(5)-ceria-alumina
OOO
T J
O
T [K]
Figure 5.14: Rate o f propane - NO reaction over different ceria-containing catalysts.
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5.2.3 Summary -  Single component reactions
Even though the single component reactions only allow a limited insight, the results 
help to reveal the complexity of the overall catalytic reaction and understand some of 
the influencing factors. The main aspects, which arose from the study, are summarised 
below.
>  Pd11 is the active component in Pd/alumina under net oxidising conditions. NO 
dissociates on Pd°, but limitation occurs if O2 is present, as the necessary 
adsorption sites are preferentially occupied by O2. To some extent an identical 
effect was caused by O, originating from dissociated NO.
>  For all ceria-containing materials the reaction is divided into ceria- and Pd- 
mediated mechanisms. For T < 473K ceria is the catalysing agent as it undergoes 
reduction, producing CO2. The resulting O-vacancies allow NO and O2 to adsorb 
and dissociate, resulting in NO reduction and ceria reoxidation. Above 473K the 
Pd/PdO system is the determining catalyst. Under net oxidising conditions PdO is 
predominant and NO reduction takes place via a redox mechanism.
>  For the ceria-containing materials an increased N2O selectivity at low 
temperatures (>330K) was found (see Figure 5.15). It became apparent that the 
presence of O2 enhances the formation of N2O for all catalysts.
T [K]
Figure 5.15: N20  selectivity over Pd/alumina and Pd/ceria-alumina during CO-NO and C 0 -N 0 -0 : 
reations.
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>  Propane oxidation takes preferably place on oxidised Pd. For all materials, 
independent of their support composition, deactivation of Pd was observed during 
the NO-propane reaction. This was attributed to PdO reduction followed by 
enhanced propane chemisorption.
>  No explicit improvement due to the addition of terbia was found during the 
propane-NO reaction, even though all the ceria-containing materials showed an 
initially increased propane activity, which is associated with (i) direct ceria 
participation and (ii) the initial stabilisation of a more oxidised Pd species.
>  Concerning the propane-02 reaction, an increased activity for the 5 wt% terbia 
sample was seen. The terbia materials also showed an improved light-off 
temperature under near-stoichiometric conditions (R = 1.13). Whether this can be 
attributed to the active participation of terbia or the presence of a more oxidised 
Pd species is not clear.
5.3 Isothermal catalytic experiments with changing air-to-fuel ratios
To evaluate the full potential of the present materials as three-way converters, these 
were tested isothermally at 623K, applying air-to-fiiel ratios (R) from 1.18 to 0.82. 
These mixtures were all based on the standard stoichiometric conditions, but with the 
concentration of 0 2 changed accordingly. The actual compositions are given in 
Section 2.2.2. In order to remove water and assure constant oxidation states, the 
catalysts were flushed with air prior to catalysis for 60 min at 623K. The experiment 
was carried out, going from fuel-lean to fuel-rich conditions. Only for Pd/terbia(l)- 
ceria-alumina a pre-reduced sample was also tested in the reverse experimental order.
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Figure 5.16: Catalytic activity o f  the different materials with changing R values: CO conversion (a), 
propane conversion (b), NO conversion (c) and the temperature o f  the catalytic bed (d).
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5.3.1 Results
The results concerning catalytic activity are summarised in Figure 5.16. To obtain a 
better understanding the temperatures measured in the catalytic bed are also given. It 
appears that even though the furnace temperature was always set at the same value, 
some differences were obtained during catalysis (as the exact thermocouple position 
could vary from one experiment to another, a certain degree of the temperature 
differences can be attributed to an experimental inaccuracy).
(I) NO reduction
For air-to-fuel ratios above 1.0, all the Pd-containing materials show roughly the same 
rate of NO conversion (i.e. < 20%). Differences in activity between the single 
materials can only be seen at stoichiometry, where the following sequence is obtained:
Pd/alumina, PtRh/ceria-alumina > Pd/ceria-alumina IMP > Pd/terbia(5)-ceria-alumina > 
Pd/terbia( 1 )-ceria-alumina, Pd/ceria-alumina
Bearing in mind the results from the non-catalytic characterisation (XPS, TPR/TPO), 
the above sequence correlates with the oxidation state of Pd, i.e. in Pd/alumina it has a 
more metallic character, whilst in sol-gel Pd/ceria-alumina it is much more oxidised.
Further to the rich side the sol-gel-derived ceria samples achieve 100% NO 
conversion, independent of their terbia content. Pd/alumina and Pd/ceria-alumina 
(IMP) only display 80% conversion. Similar observations were already noted during 
temperature programmed catalytic experiments, where the doped sol-gel catalysts 
showed an improved NO activity under fuel-rich conditions.
Comparing the NO activity levels for the different samples, it appears that the Pd 
catalysts undergo much bigger changes in activity than PtRh/ceria-alumina. This 
shows very strongly how (i) Pd changes its oxidation state (depending on the reaction 
conditions) and its influence towards NO activity and how (ii) the sol-gel preparation
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has increased the Pd -  ceria interaction (as NO conversion for those catalysts remains 
longer on a lower level going towards fuel-rich conditions, due to a delayed Pd 
reduction).
(ii) Oxidation reactions
CO activity for Pd catalysts examined remains fairly constant until R = 0.9. It is only 
at R = 0.8 when major differences are noted. Again the following activity sequence 
occurs:
Pd/alumina > Pd/ceria-alumina IMP > Pd/terbia(5)-ceria-alumina > Pd/ceria-alumina >
Pd/terbia(l )-ceria-alumina
Such findings are quite surprising, as temperature programmed experiments under 
fuel-rich conditions revealed similar CO activity for the doped materials at these 
temperatures.
It is necessary to attempt to explain the differences in CO activity, which are nearly 
20%. First, the actual catalyst temperatures vary to some extent. In Section 5.1.2.2 it 
was shown that the CO conversion under rich conditions exhibits a maximum. 
Increased temperatures therefore mean a decrease in CO activity. However, 
comparing the temperatures and CO conversion levels, no real relationship can be 
found. Hence the influence of temperature can be neglected.
Looking at the propane conversion at R = 0.8 (see Figure 5.16, b), it is clear that those 
catalysts with a decreased level of CO conversion show an increased level of propane 
activity. To get a more complete picture of the different oxidation reactions, the 
oxygen balance for the single catalysts is given in Table 5.1. The amount of oxygen 
theoretically necessary is deduced from the respective conversion levels for CO and 
propane, by assuming complete oxidation. The amount of oxygen present is calculated 
from the level of converted NO and the applied partial pressure of 0 2. Experimental
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uncertainties involved can be deduced from the single instrumental errors given in 
Section 2.2.2 and add up as ±  5% for Otheoreticai and <0.5% for Opresent-
Table 5.1: Experimental and theoretical oxygen levels at R  = 0.8 for the different tested materials [0 2- 
level: 4080ppm].
Gtheoreticnl [ppm] Opresent [PP"4]
Pd/alumina 8480 8950
Pd/ceria-alumina 8652 9120
Pd/terbia(l)-ceria-alumina 9260 9160
Pd/terbia(5)-ceria-alum ina 9708 9160
Pd/ceria-alumina IMP 8500 8960
PtRh/ceria-alumina 5264 8730
The above values are based on the assumptions that all available oxygen (0 2) 
participates and NO is directly reduced to N2. Incomplete propane oxidation could 
only be proved for the two terbia-containing catalysts for certain, as less oxygen was 
available than would be needed for the CO and propane conversion obtained. Hence, 
the increased level of CO is likely to be caused by only partial propane oxidation. 
Similar findings were already observed during the temperature programmed propane 
-  NO reaction.
To get a more detailed view concerning the oxidation state of Pd and how this affects 
its activity, an experiment using a reduced sample (CO/660K) was carried out on 
Pd/terbia(l)-eeria-alumina in reverse order, e.g. going from R = 0.8 to 1.2 (Figure 
5.17). It is clear that for the reduced sample there were increased levels of NO and 
propane conversion compared with those for the oxidised one. This shows once more 
there is an enormous influence of the actual oxidation state of Pd but also that this is 
affected by the co-oxide.
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Figure 5.17: Conversion levels o f  Pd/terbia(l)-ceria-alumina: pre-reduced, going from 0.8 to 1.2 (a) 
and pre-oxidised going from 1.2 to 0.8 (b).
5.3.2 Summary -  Isothermal experiments
By performing isothermal catalytic runs with different air-to-fuel ratios, some 
interesting differences between the single catalysts have been found. Once more it 
was shown that the addition of terbia increases the propane activity of the catalysts. 
The two terbia materials converted 100% propane at R = 0.8. but on the other hand 
this resulted in a decrease in the level of CO activity. Due to the fact that less oxygen 
was present than would have been needed for complete propane oxidation, only 
partial oxidation was achieved, possibly leading to coke or by-product formation.
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From an experiment carried out in reverse order, the relationship between the increase 
in the levels of propane conversion and NO reduction can be shown, as well as the 
influence of the oxidation state of Pd. It seems that a more reduced Pd species shows 
an increased level of propane -  NO activity.
Comparing the findings for the two different prepared Pd/ceria-alumina catalysts, the 
improved degree or type of Pd -  ceria interaction for the sol-gel materials can be seen 
from the NO trace. Thus at R = 1.0 the impregnated catalyst shows greater NO 
activity, suggesting a less oxidised Pd species and hence a less significant Pd -  
support interaction. Going further to the fiiel-rich side, the impregnated materials 
show similar activity to Pd/alumina, whilst the sol-gel-derived catalysts convert about 
20% more NO.
5.4 Evaluation of oxygen storage capacity (OSC), using transient 
experiments
In Section 4.1.2 OSC was measured using H2-TPR, with results given as the absolute 
amount of oxygen per gram catalyst (Table 4.4) over the whole temperature range. To 
determine the catalysts’ oxygen storage potential during lean -  rich changes of the 
catalytic feed stream, a set of transient experiments was carried out (as described in 
Section 2.2.2).
The CO concentration profiles obtained (Figure 5.18) were integrated, the value for 
the blank reactor subtracted and converted into oxygen units, assuming the following 
correlation:
V(CO)blank “ V(CO)sample = V(CO)COnverted
CO + Oad C 02 
■=> [CO] : [Oad] "  1:1
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Two different sets of experiment were carried out: one with a direct 0 2 -  CO switch 
and one applying an intermediate N2 step. The first experiment measures all adsorbed 
and stored oxygen. The second only refers to strongly adsorbed and chemically stored 
oxygen. The results obtained are shown in Figure 5.19.
All the materials show oxygen release between 515 and 61 OK of about 0.9 mol Oad / 
mol Pd, which can be attributed to PdO reduction. For Pd/alumina no further oxygen 
release was exhibited above that temperature, independent of the experimental 
procedure.
Looking at the activity traces of ceria and ceria-terbia doped catalysts involving the 
direct 0 2 -  CO switch (Fig. 5.19, a), an increased amount of adsorbed oxygen is 
obtained for the terbia-containing materials. If an intermediate N2-purging step is 
applied, this advantage vanishes and similar' patterns are gained for all three doped 
sol-gel catalysts, taking into account the fact that the terbia materials contain a higher 
amount of reducible oxide overall. In addition to initial ceria reduction at low 
temperatures there is a further oxygen release above 61 OK; overall ca. 90% ceria 
reduction is achieved (Table 5.2).
Reduction must be reversible as the same results are gained for repeated cycles and so 
oxygen can be restored. But it has to be kept in mind that these results are based on 
fairly fiesh catalysts and only represent model laboratory conditions.
For comparison purposes the impregnated reference was also tested at 515K. Once 
more it is clear that the sol-gel-derived catalysts release more oxygen at lower 
temperatures than the impregnated material. Similar inference was made in H2-TPR.
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C O  02 CO 02 N2 C O  O2 n2 C O  n2
time [sec]
Figure 5.18: Results o f  transient experiments at 61 OK: (— ) Pd/alumina, (— ) Pd/ceria-alumina and 
(— ) Pd/terbia(5)-ceria-alumina.
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Figure 5.19: Amount o f  sorbed and stored oxygen for the individual catalysts, as gained from C 0 /0 2 
transient experiments: direct 0 2 -  CO step (a), 0 2 -  N2 -  CO steps (b).
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Table 5.2: Amount o f  stored oxygen (deduced from Figure 5.19 (b)) and inferred levels o f  ceria 
reduction.
Pd/alumina Pd/ceria-aluniiria
T [K]
Ond /  Pd 
[mol / mol]
Oad/P d  
[mol /  mol]
A (O J ’>
[mol]
A(Oad)/C e02 
[mol / mol]
%  C e02 
reduction
515 0.12 1.6 1.5 0.24 85
610 0.87 2.5 1.6 0.26 86
810 0.90 2.9 2.0 0.32 89
1 A(Oad) (Ond / Pd)pd/ceria-alumina " (Cad / Pd)pd/alumina
From transient experiments it is clear that oxygen storage of the catalysts examined is 
not only due to the reduction of ceria, but also originates from PdO. McCabe and 
Usmen [68] considered Pd/PdO to be a major oxygen reservoir, especially in aged 
catalysts.
The two terbia-containing catalysts showed a much-increased amount of adsorbed 
oxygen compared to Pd/ceria-alumina. However, concerning the bulk oxygen storage 
no real differences were seen.
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Chapter 6 -  Discussion
The aim of this research project was to produce novel, Pd- and ceria-containing 
materials to be active as automotive three-way converters (TWCs) using sol-gel 
technology. The influence of terbia addition on the oxygen storage capacity (OSC) 
and the overall reactivity has been examined. The picture drawn allowed a more 
comprehensive view on the detailed Pd chemistry involved in three-way catalysis. 
The following summary discusses these points on the basis of the results obtained and 
the relevant literature. Finally, conclusions on the materials’ application and their 
potential in real exhausts are reached.
6.1 Special properties o f the sol-gel-derived Pd/ceria-alumina and 
Pd/terbia-ceria-alumina materials
6.1.1 Morphology -  Structure -  Stability
Even though no detailed investigation of stability was carried out, different results 
suggest an improved thermal stability. All sol-gel samples showed mesoporous 
character with specific surface areas ( S b e t )  of 170 - 190 m2/g and an average pore 
diameter of 8 - 10 nm, even after calcination at 1173K (2h, stat. ah). The values found 
were independent of the presence of co-oxide and/or Pd, proving the suitability of the 
chosen sol-gel route to produce high-surface area materials. Measuring an 
impregnated reference material (20 wt% Ce02, 2 wt% Pd, sol-gel-derived alumina 
support) after the same temperature treatment revealed a total surface area of only 
100 m2/g. This clearly demonstrates one of the advantages obtained by introducing all 
the relevant components during the sol stage.
XRD analysis of the calcined materials (1173K) revealed an overall amorphous 
character. Even after treatment at 1373K (4h, stat. air) a mixture of different transient 
alumina phases was obtained and no a-alumina indicating diffraction lines were 
detected. However, the transition of alumina into corundum (a-phase) is known to 
commence at temperatures above -1373K (see Figure 1.7).
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These BET and XRD results indicate an enhanced thermal stability of the sol-gel- 
derived materials. This is in good agreement with the work of others [1,2,3,4] who 
prepared alumina-based catalysts, following complexing agent methods, which use 2 - 
methyl-2,4-pentandiol, Ce(acetylacetonate)3, La(acetylacetonate)3 and ASB as 
reactants.
Pd particle size was examined via TEM. In addition to the easily visible particles (in 
the range of 50 nm) a further fraction of very small and highly dispersed Pd 
crystallites exists.
6.1.2 Behaviour under H?/0? high temperature treatments
Reducibility and reoxidation is the key factor concerning a catalyst’ s oxygen storage 
potential. Performing subsequent H2-TPR and 0 2-TPO revealed significant changes in 
the TPR patterns for the sol-gel materials. The high temperature reduction peak 
(-1100K) representing bulk reduction of Ce02 decreased in intensity with an 
increasing number of TPR/TPO cycles, until it completely vanished. The low 
temperature peak (assigned to surface reduction) increased in intensity and the same 
overall level of H2 consumption was noted. This was found to take place independent 
of the presence of Pd. However, it was noted that due to the presence of Pd the low 
temperature reduction peak was shifted to even lower temperatures (as will be 
discussed in a later section). The impregnated reference sample did not reveal such 
significant changes in TPR profiles, although the high temperature peak decreased 
slightly in intensity and was shifted to somewhat lower temperatures (~50K after 
3.TPR run). As the low temperature reduction peak is associated with surface 
reduction, the changes in TPR profiles suggest an increase in Ce02 surface area, 
induced by high temperature reduction -  oxidation treatment.
To get further evidence of these changes, XPS and XRD analyses were carried out on 
H2/ 0 2 pre-treated samples. After reduction and reoxidation at 1073K an increased 
amount of Ce3+ was detected by XPS. Reduction at 300 K (followed by exposure to 
ambient air) and 673K (followed by oxidation at 673K) did not lead to any Ce3+ XPS
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peaks. Performing XRD analysis on the reoxidised Pd/ceria-alumina sample also 
showed a modified pattern compared to a fresh sample. The intensity of the Ce02 
reflections decreased remarkably: the intensity ratio of the Ce02 main peak (20 = 
28.5°) to the y/6-Al20 3 main peak (20 = 67.3°) was - 6 : 1  for the fresh catalyst and 
close to unity after H2/0 2 treatment at high temperatures. The XRD pattern obtained 
after reduction (1073K) and exposure to ambient air did not show any cerium 
(Ce3+/Ce4+) identifying peaks. In the literature it has been shown that CeA103 should 
be the only stable Ce3+ species (under the experimental conditions used in this study), 
as reduction products such as Ce20 3 and non-stoichiometric Ce oxides will be 
reoxidised nearly completely when exposed to ambient air [5,6,7].
In the literature changes of the ceria reduction profiles due to high temperature H2/0 2 
treatment have been described for mixed Ce02-Zr02 systems. Balducci et al [8,9] 
observed a temperature decrease for the bulk reduction of -200K  after cycling and 
described their findings as quite singular. It was claimed that a solid solution of 
treated Ce02-Zr02 underwent network reconstruction. Although the materials’ surface 
areas decreased (from nearly 200 m2/g to just above 10 m2/g), the formation of 
mesoporous cells was observed. The temperature shift detected in the reduction 
profiles was assigned to a higher oxygen mobility in those materials, as the oxygen 
lattice produced was less perfect and hence 0 2(g) was easier to remove.
Shyu et al [7,10] investigated the ceria-alumina and Pd/ceria-alumina systems after 
H2/0 2 treatment at high temperature by XPS, XRD and Raman spectroscopy. They 
found that mixed ceria-alumina forms an increased concentration of bulk CeA103 
after reduction with H2 at temperatures >1193K. Exposing these samples to ambient 
air generates surface Ce02, but bulk CeA103 is still present. The degree of CeAlC>3 
formation was found to be dependent on the amount of Pd present and the ceria 
dispersion: it was limited for pure support materials (Pd-ffee) with low ceria 
dispersion. Raman spectroscopy on these samples revealed a spectrum completely 
different from that of Ce02. However, during H2-TPR it was found that the samples 
were more easily reduced to CeA103 than Ce02 particles on alumina. It was therefore 
concluded that the CeA103 species formed were a cCeAlC>3-precursor’ , which shows 
Ce3+ characteristics in XPS analysis, but can still release 0 2(g).
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Work carried out on Ce02-Al20 3 [11] demonstrated the correlation between Ce02 
particle size and its activity in TWC. It was claimed that particles of 3.5 — 5 nm much 
improved the catalyst’s performance. The TPR pattern showed enhanced low 
temperature reduction. However, it was also pointed out that, independent from the 
method of preparation, a reductive pre-treatment was necessary to produce such 
increased performance.
On base of the described results and the cited literature, the following model has been 
developed:
(i) Following calcination at 1173K, the materials were initially present as
Ce02 crystallites, dispersed on the alumina support. During TPR 
surface and bulk reduction were obtained.
(ii) When heating under H2 atmosphere (T > 1073K), Ce4^  is reduced to
Ce3+, forming highly dispersed CeA103. Due to the small crystallite 
sizes no XRD reflection was detected.
(iii) Reoxidising the material leads to the formation of highly dispersed 
Ce02 crystallites on the surface of a mixed Al20 3-CeA103 support.
°2,
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Figure 6.1: Model o f  reduction and reoxidation o f  C e0 2-Al20 :,.
As was seen in XPS, reoxidation at 1073K did not regain all the initial Ce02. 
However, during H2-TPR similar concentrations of H2 were consumed than for a fresh 
sample. Performing H2-TPR after reoxidation at room temperature led to H2 
consumption of ~ 30% compared to H2-TPR after intermediate TPO. But again, XRD
158/174
Chapter 6 -  Discussion
did not reveal any Ce02 for the reduced sample (1073K) exposed to ambient 
conditions. All these findings suggest that in addition to the highly dispersed Ce02 
crystallites, further 0 2 is available in the system, which can be released when applying 
reducing conditions. Shyu et al [7,10] described similar findings and explained them 
with the existence of a ‘CeAlC>3 precursor’ , which is only transferred into CeAKfi by 
further 0 2 release. On base of their findings and the results explained above, it is 
believed that the CeA103 species present in the reduced and reoxidised materials 
allows enhanced 0 2(g) chemisorption without reoxidising Ce3+.
O
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Figure 6.2: Model o f  0 2 chemisorbed onto CeA103.
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Figure 6.3: Model o f reduction and reoxidation o f  C e0 2-A l20 3, including O? chemisorption.
As was pointed out earlier, the described changes in the reduction pattern occur 
independently from the presence of Pd, but relate very much to the preparative route. 
This was clearly seen from the H2-TPR results obtained for the impregnated reference 
material, as this did not provide such altered TPR profiles. Shyu et al [7] showed that 
highly dispersed Ce02 is more likely to form CeA103. During the sol-gel process 
materials are mixed at a molecular level, resulting in a very homogeneous 
distribution.
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In summary it is obvious that due to the selected sol-gel preparation a superb Ce-Al 
interaction results. Treating the synthesised materials under changing H2/O2 
atmosphere at elevated temperatures leads to the formation of highly dispersed Ce02 
crystallites and a fraction of CeA103, which allows an increased amount of 0 2(g) being 
chemisorbed. 0 2 release on the treated sol-gel samples takes place at much lower 
temperatures than for the impregnated material (identical pre-treatment) as 
redispersion of the ceria phase is limited for the later one. This is especially important 
for the catalysts’ application during the cold-start period. Even though no long-term 
stability tests were carried out here, the behaviour observed seems to lead to an 
increased thermal stability. Throughout the literature it has been described that 
incorporation of additional cations like Ce, Ba 01* La stabilises the alumina network 
[12,13]. By occupying the tetrahedral holes mixed M -  Al oxides are formed, altering 
the reconstruction of the alumina network towards corundum.
6.1.3 Palladium -  support interaction
The literature describes the existence of synergistic interactions between ceria and 
noble metals [14,15]. But despite an increasing number of investigations concerning 
Pd -  Ce interactions, the picture is not yet completely clear. Most researchers claim an 
increased PdO stability in reducing atmospheres, whilst the surface reduction of ceria 
occurs at lower temperatures [5,15,16]. On the other hand it was shown that after 
reoxidation at elevated temperatures a fraction of less oxidised Pd remains. This has 
been attributed to the formation of Pd -  Ce and Pd -  Ce -  Al species [10,15,17]. In 
contrast to the stabilisation of PdO described above, a decrease in its reduction 
temperature due to the presence of ceria has also been observed [17]. On the 
development of strong metal-support interactions (SMSI) different opinions are again 
to be found. Mitchell and Vannice [18] concluded that Pd-Ce02 interactions are not 
typically SMSI, but that a reduction-oxidation treatment is necessary to transform the 
interaction to a classical SMSI one [19]. Synergetic interactions between Pd and Ce 
were inferred here in different experiments for all materials, with differences 
dependent on the preparative route also noted.
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(i) Non-catalytic characterisation
Pd -  Ce interactions can easily be inferred from the H2- and CO-TPR results in the 
sense that the reduction peak of surface ceria is shifted to lower temperatures (see 
Figures 4.3, 4.7, 4.24). But looking at the initial H2-TPR profiles ( l strun) of sol-gel 
and impregnated Pd/ceria-alumina (see Figures 4.7, 4.8) the shifts are -  -45OK and 
-  -25OK respectively. Since the observed Pd — Ce interaction can be attributed to H2 
and CO spill over, an increased Pd — Ce interface (as a result of the sol-gel preparative 
route) enhances also the spill over activity.
H2-TPR of mechanically mixed sol-gel samples of Pd/alumina and ceria-alumina 
suggested that Pd -  Ce interactions were only present during the 2nd TPR run (after 1st 
TPR and intermediate TPO), as the peak for surface reduction was split and partially 
shifted to -5 0 OK (see Figure 4.9). This shows that the simple presence of Pd and Ce 
in the same system does not cause any detectable interaction, but that a heat-treatment 
is necessary to create such an effect. A  comparable behaviour was seen for all the 
ceria-containing sol-gel catalysts in H2-TPR following isothermal reoxidation at 
different temperatures in the sense that it was only for increased reoxidation 
temperatures, that the remarkably low reduction temperature was exhibited (see 
Figure 4.15).
Work concerning the oxidation behaviour of Pd on A120 3 showed [20] that heating the 
catalyst in an 0 2 environment led to a spreading of PdO over the support. Above 
1073K PdO staited to decompose and formed highly dispersed Pd particles, which 
rapidly transformed into PdA10x species. Hoost and Otto [21] also described the 
formation of highly dispersed Pd-O-Al intermediates as a results of heating the 
materials in 0 2. Shyu et al [10] suggested that Pd forms Pd -  O -  Ce intermediates 
during reoxidation, especially when highly dispersed. They proposed the following 
structure, in which cerium is in its tetravalent state:
Pd 5— O8 — O . ,0  O
; <  x 'ai,x  
o o
Figure 6.4: Model o f  Pd -  O -  Ce interaction, as proposed by Shyu et al [10].
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Figure 6.5: Schematic representation o f  the behaviour o f Pd/Al20 2 during reoxidation, as proposed by
[20].
It is therefore suggested that H2/O2 treatment is not only necessary to create a higher 
CeC>2 dispersion, but also modifies the Pd -  support interaction. Reoxidising the 
materials at increased temperatures (> 1073K) enables Pd to form highly dispersed 
Pd-O-Al and Pd-O-Ce intermediates (see Figure 4.15).
AbO2^ 3
H2)
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PdQ , Q _..Q ,Q.“-J* »
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Pd n-> Pd Ce02 PdO
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Al203 + CeAI03 AI9O3 + CeAI03
- 8  8 “^ 02>1073K
PdAIOx
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Al203 + CeAI03
Figure 6.6: Schematic representation o f  the behaviour o f Pd/Ce02-A l20 3 during reduction and
reoxidation, based on the model suggested in [20].
During TPO experiments, PdO decomposition was observed -101 OK for all materials, 
independent of their preparative route and support composition. However, allowing
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the samples to cool in an oxidising environment revealed major differences in the 
temperature of PdO re-formation. For Pd/alumina 0 2 uptake was detected at -720K. 
For ceria-containing samples this was at -8  5 OK. In addition, a difference became 
apparent between the amount of 0 2(g) released and taken up for Pd/alumina and 
Pd/ceria-alumina, suggesting only partial reformation of PdO in Pd/alumina. Evidence 
for a less oxidised Pd on Pd/alumina was also noted from XRD (Figure 3.4) and XPS 
(Appendix 6). This shows again the synergism between ceria and Pd and the latter’s 
stabilisation in a more oxidised form.
More complex TPO profiles were seen for impregnated samples than sol-gel samples, 
but their precise interpretation is very difficult. However, it was obvious that a higher 
fraction of O was released (assuming the same nominal Pd content) and PdO re­
formation took place in a stepwise manner (the final uptake only occurring at -700K). 
There are two major inferences: (i) a higher fraction of PdO is decomposed for the 
impregnated sample, possibly due to its ‘greater’ accessibility than in the sol-gel 
material where PdO is partially ‘buried’ and (ii) temperature differences for PdO re­
formation in the impregnated sample suggest the existence of a greater variety of Pd -  
O species. This is due to different locations on the support with different metal- 
support interactions, while in the sol-gel material a more homogeneous system is 
developed with fewer PdOx species.
Such differences in the surface metal composition due to the use of a complexing 
agent-assisted sol-gel method have recently been described [22]. Investigating sol-gel 
derived Pt/alumina systems, Cho et al [23] also found a smaller available metal 
surface area and an increased amount of ‘buried’ Pt, which they concluded, was the 
cause of SMSI and resulted in an improved resistance to sintering Pt.
The existence of a larger fraction of PdO in sol-gel materials was also deduced from 
XRD, carried out on red-ox pre-treated samples. It was shown that Pd° was the 
dominant species for the impregnated material, whilst for the sol-gel sample mainly 
PdO was detected. XPS also revealed lower binding energies for the Pd 3ds/2 peak in 
the impregnated sample (after undergoing an identical pre-treatment than the sol-gel 
material: 1073K/H2 + 673K/02).
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(ii) Catalytic characterisation
Further evidence for improved metal-support interactions was obtained in catalytic 
experiments. Testing impregnated and sol-gel materials in a temperature programmed 
fuel-rich experiment (R -  4.84) revealed a much lower CO light-off temperatures for 
both samples. This was attributed to the participation of ceria, as CO (originally 
adsorbed on Pd) spills over and reacts with Ce02, leading to the formation of C 02 and 
an oxygen vacancy. This vacancy then plays a key role during NO dissociation and 
reduction [24]. For the sol-gel materials light-off temperatures were ~50K lower than 
for impregnated samples. As the efficiency of this ceria-mediated mechanism strongly 
depends on the Pd -  Ce interaction, the lower light-off temperature for the sol-gel- 
derived sample proves once more the existence of improved Pd -  Ce interactions in 
the sol-gel materials. No such low CO light-off temperatures were seen for either 
Pd/alumina or the pure support materials.
6.1.4 The influence of terbium addition
The decision to prepare mixed terbia-ceria-alumina materials was based on some 
work [25] that found an increased oxygen buffering capacity for a mixed terbia-ceria 
material (20 : 80 wt%) compared to pure ceria and Rh/ceria. These findings were 
obtained during an experiment in which 0 2 pulses (f = 0.1Hz) were dosed into an inert 
carrier gas stream and passed over the respective sample. Determining the 0 2 
concentration at the reactor outlet and comparing it with the originally dosed amount, 
gave an idea of the buffering capacity.
Other researchers also found that the addition of a second oxide remarkably increases 
the OSC of ceria [26,27] due to an increased concentration of network defects and a 
less stable oxide matrix, which allows higher oxygen mobility. Preparing mixed Ce- 
A1 oxide systems also improves the OSC of ceria, as ceria is spread throughout the 
alumina matrix and hence possesses a much-increased surface area.
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To assess the OSC of the materials, H2-TPR was performed. The results for Pd/ceria- 
alumina (SG) and Pd/terbia-ceria-alumina did not reveal any remarkable OSC 
differences due to the presence of terbia; a much greater effect being caused by the 
sol-gel preparative route. It is therefore concluded that in the present materials the 
influence of terbia on the OSC can be neglected.
However, the results still show some terbia-induced differences:
(i) higher BEs for Pd 3d5/2 in XPS
(ii) modified Pd-Ce interaction in H2-TPR
(iii) improved 0 2 adsorption capacities in transient experiments
(iv) increased propane activity under fuel-rich conditions
(v) lower light-off temperatures for propane under near stoichiometric
conditions and
(vi) increased CO activity over the pure supports.
Allowing some speculation, the following may be a partial explanation of these 
observations. XPS showed that a Pd -  CeA103 interaction [10] produced a Pd species 
between Pd° and PdO with a lower BE than PdO. These were found for oxidised 
Pd/ceria-alumina samples, whilst Pd/terbia-ceria-alumina showed higher BEs only. It 
seems that terbia interferes this Pd -  Ce interaction. H2-TPR after isothermal 
reoxidation (see Figure 4.15) also showed such a Tb-limited interaction. For the 
terbia-containing materials the temperature shift of the ceria surface reduction peak 
was altered in comparison to pure Pd/ceria-alumina (i.e. terbia materials required a 
higher reoxidation temperature to produce this strong Pd -  Ce interaction). The same 
effect was seen in the H2-TPR after intermediate TPO (see Figure 4.7). Here, the 
terbia-containing samples showed a broader low temperature reduction peak than 
Pd/ceria-alumina, even though the same overall amount of H2 was consumed.
Transient experiments revealed an unexpectedly large amount of adsorbed oxygen on 
the terbia-containing materials (-60%  more for the 5 wt% terbia sample than 
Pd/ceria-alumina; see Figure 5.19). Whether this is due to the existence of additional
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adsorption sites, created by terbia, or just an increased amount of 0 2 adsorbed or 
chemisorbed on a more oxidised Pd species cannot be said for sure.
These findings can be summarised as follows:
(1) Pd-Ce02 interactions generally lead to the presence of a more oxidised 
form of PdOx.
(2) A  fraction of less oxidised Pd8+ is also obtained.
Pd4 -  o 5 — O ,0
" c r i
(3) Terbia decreases the Pd -  Ce interaction and stabilises a larger fraction 
of the more oxidised PdOx.
The presence of a more oxidised Pd species would also explain the lower light-off 
temperature for the terbia materials under near-stoichiometric conditions (R = 1.13), 
as it limits strong propane adsorption on Pd, due to the presence of surface oxygen. 
However, the existence of this more oxidised Pd does not explain the increased 
propane activity of the terbia materials seen isothermally at R < 1. It was shown that 
with decreasing air-to-fuel ratio lower propane conversion levels were obtained for 
the terbia catalysts. As NO conversion was also changing, it is assumed that propane -  
NO reaction took place. Either (i) terbia itself provides propane adsorption and 
reaction sites or (ii) terbia increases the electron density of Pd. Other researchers have 
found similar effects when adding alkaline metals [28,29,30] and attributed this to 
limited hydrocarbon adsorption. As the pure terbia-ceria-alumina support also showed 
improved CO activity, the participation of terbia during propane oxidation seems 
likely, especially considering the known activity of terbia as CH4 coupling catalyst
[31]. Whether this is via direct propane -  NO reaction or due to enhanced steam 
reforming and water-gas shift reaction cannot yet be said. Others [32,33,34] have 
found that the addition of ceria or lanthana promotes activity in these reactions.
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6 .2  C a ta lytic  p o te n tia l o f  th e  p r e s e n t s o l -g e l  ca ta lysts
6.2.1 Summary of the catalytic characterisation
In the previous section the special properties of the sol-gel-derived materials 
compared to an impregnated reference were discussed. The influence of these 
properties on the catalytic activity was highlighted. A  general overview of these 
catalytic results will be given here, with special attention to the Pd oxidation state and 
the influence of ceria and terbia-ceria. For a better evaluation of the present catalysts, 
an impregnated PtRh/ceria-alumina reference catalyst was also tested.
All catalysts were tested in a temperature programmed mode, using a simulated 
exhaust-gas mixture (CO, C3H8, 0 2, NO, C 02, N2) with three different air-to-fuel 
ratios: fuel-lean (R = 4.84), near stoichiometric (R = 1.13) and fuel-rich (R = 0.34). 
For a more detailed understanding single component reactions (i.e. CO-NO, CO-NO- 
0 2, C3H8-NO, C3H8-N 0 -0 2, C3H8-0 2) were also studied. Additionally, isothermal 
experiments with various R-values were carried out.
(i) Pd/alumina
Pd° is the catalytically active component in sol-gel derived Pd/alumina. Even under 
net oxidising conditions initial PdO reduction by CO was seen (T *  473K; see Figures 
5.4, 5.9) and up to 773K no reoxidation occurred for R = 1.13. Two regions of NO 
activity were displayed, that could be attributed to (i) initial NO decomposition and 
reaction with CO on Pd° and (ii) propane-NO reaction (possibly followed by H2-NO 
reaction) at higher temperatures. Both reactions are strongly inhibited by the presence 
of 0 2. 0 2 was found to adsorb stronger onto Pd than NO (see TPD experiments, 
Section 4.4.2) and hence occupies an increased fraction of the adsorption sites. This 
aiso leads to enhanced N20  formation, as more undissociated NO reacts with 
dissociated Nad. The light-off temperature for propane was dependent on the amount 
of 0 2 present: under fuel-rich conditions enhanced propane chemisorption occurred,
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leading to some catalyst deactivation and finally increased propane light-off 
temperatures.
(ii) Pd/ceria-alumina and Pd/terhia-ceria-alumina
For the ceria-containing sol-gels active ceria participation was shown below -473K. 
Independent from the amount of 0 2 present initial reduction of ceria by CO occurred. 
The O-vacancies so-formed allowed NO and 0 2 to adsorb and reoxidise the support. 
Due to the preferred reoxidation by 0 2, hardly any low temperature NO activity was 
achieved for R > 1. Above 473K, PdO is the predominant catalyst. In contrast to 
Pd/alumina no general PdO reduction by CO was seen for R > 1. NO conversion was 
only seen above 573K and was attributed to direct propane -  NO and H2 -  NO 
reaction, with H2 formed during steam reforming and water-gas shift reactions 
[34,35]. Direct CO -  NO reaction on Pd/PdO at near stoichiometric air-to-fuel ratios 
was suppressed, due to the relative excess of 0 2 present at these temperatures. A  
promotional influence of terbia was seen during propane oxidation for R < 1.13 (see 
previous section).
Comparing the catalytic potential of sol-gel-derived Pd/ceria-alumina and Pd/terbia- 
ceria-alumina with the PtRh/ceria-alumina reference catalyst, which contains the same 
level of PGM and ceria (impregnated on commercial y-alumina) some clear 
advantages for the Pd catalysts were obtained:
(i) lower light-off temperature for CO and propane, independent from the
aii-to-fiiel ratio;
(ii) lower light-off temperature for NO under fuel-rich conditions;
(iii) higher conversion levels for propane, CO and NO during isothermal 
testing for R <  1;
However, a much better NO activity under near stoichiometric conditions was 
obtained for PtRh/ceria-alumina.
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6.2.2 Application potential of the present materials
In Section 1.4.3 the potential and limitation of Pd-based automotive converters have 
been discussed. The well-known advantages are certainly its higher thermal resistance 
and increased oxidation potential, even under rather extreme fuel-lean conditions 
[32,33,36]. Their main drawback, on the other hand, is a higher affinity to lead, 
sulphur and phosphor poisons and limited NOx efficiency, especially under fuel-lean 
conditions [33,37].
Throughout this project it became clear that the Pd/ceria-alumina and Pd/terbia-ceria- 
alumina materials show a range of promising properties, which may well improve 
their potential in automotive applications. The folio whig section will summarise these 
properties and discuss them in relation to real catalytic exhaust systems.
(i) Thermal stability
The increased thermal resistance of Pd-based catalysts is associated with its activity in 
reduced and oxidised states (i.e. Pd°, PdO) [36]. However, long-term high temperature 
treatment leads to metal sintering and cluster formation [38]. Researchers have 
attributed this to the very complex Pd-PdO chemistry, as it is believed that by heating 
under oxidising conditions crystalline Pd° is transferred into PdO, which spreads over 
the surface of alumina before being decomposed into Pd° and 0 2 [20].
During TPO it has been shown that the sol-gel-derived Pd catalysts only exhibit 
partial PdO decomposition. This was attributed to an increased amount of Pd being 
stabilised or buried by the support matrix. Pd 3d5/2 XPS analyses suggested similar 
behaviour, although the spectra showed very low signal-to-noise ratios (due to only a 
fraction of Pd being present in the surface layer). However, catalytic characterisation 
showed that the sol-gel-derived materials generally performed an increased activity. It 
is therefore concluded that due to the chosen preparative route a higher resistance to 
sintering and a higher thermal stability is achieved. This would allow the materials to 
be used in a closed-coupled way.
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(ii) Light-off behaviour and cold-start potential
The sol-gel-derived Pd/ceria-alumina and Pd/terbia-ceria-alumina materials displayed 
much lower light-off temperatures for CO and propane than the impregnated Pd/ceria- 
alumina and PtRh/ceria-alumina. This is attributed to the participation of ceria as an 
active catalytic species and improved Pd-Ce interactions, found for homogeneous sol- 
gels. Terbia-containing materials showed further improvements in propane activity 
under rich conditions (see Figures 5.16, 5.17) and an ability to adsorb/store over- 
stoichiometric amounts of 0 2 (see Figure 5.19). Hence, they certainly show good 
potential for cold-start usage. This again will be improved further by a closed loop 
fitting of the respective catalytic converter.
Another aspect, which needs to be considered here, is the possibility of producing 
highly homogeneous thin-film coatings by using sol-gel routes. Research showed that 
the use of metal-based monoliths reduces the level of cold-start emissions by -40%
[39], as metals exhibit a much lower heat capacity than ceramics and therefore allow 
the catalysts to reach its working temperature much faster. Most metal-based 
monoliths provide a decreased wall thickness and higher cell densities, leading to a 
smaller catalyst volume and eventually a minimisation in pressure drop. But as the 
resulting monoliths’ channels also decrease in size, a more sophisticated coating 
technology needs to be developed. This could well be based on the use of sol-gel 
derived thin-film coatings.
(iii) Improved three-way application
Besides an improved oxidation potential, the catalytic experiments performed also 
revealed a limited NO activity under stoichiometric and fuel-lean conditions. 
However, testing the different Pd-ceria catalysts under isothermal conditions with 
changing air-to-fuel ratios showed an immediate increase in NO activity just below 
R = 1. Others have showen that NO activity under fuel-rich conditions is limited for 
Pd-based catalysts, as hydrocarbons are adsorbed strongly by reduced Pd [32]. The 
addition of ceria and especially ceria-terbia seems to limit that strong adsorption, as
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even after a reducing pre-treatment increased amounts of NO and propane were 
converted.
It has been shown throughout literature that testing Pd-based catalysts in a dynamic 
mode by Z-cycling around stoichiometry, improved conversion efficiency and light- 
off behaviour' [32,40,41]. Even though no tests under cycling conditions were 
performed here, it is believed that the catalyst’s performance can be promoted that 
way. This conclusion is based on the results obtained for the isothermal testing under 
changing air-to-fuel ratios (see Figure 5.16).
6 .3  C o n c lu sio n s  a n d  o u tlo o k
On basis of the results obtained here, it has been demonstrated that sol-gel methods 
produce very suitable catalytic materials for automotive applications. The Pd/ceria- 
alumina and Pd/terbia-ceria-alumina catalysts exhibit a range of interesting catalytic 
properties: higher oxygen storage potential, increased metal-support interaction, lower 
CO and propane light-off temperature (independent from the applied air-to-fuel ratio) 
and improved NO activity under fuel-rich conditions. These improvements in 
performance can be attributed to the much improved dispersion and interaction of the 
individual components of the catalyst caused by their mixing on a molecular level. 
The addition of terbia was found to promote the catalyst’s propane activity, especially 
under fuel-rich conditions. Based on the described properties, the presented catalysts 
are especially suitable to decrease emissions during the cold-start period.
To extend the present study further experiments would be useful to examine:
>  catalytic activity of H2/O2 pre-treated materials
>  long-term stability
>  activity for water-gas shift and steam-reforming reactions
>  testing under oscillating conditions
>  influence of terbia towards hydrocarbon oxidation
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>  sol-gel derived catalytic coatings
>  full TOF (turn-over frequency) analysis; at the time of submission 
of this thesis results were still awaited concerning Pd dispersion (as 
deduced from CO, O2 and NO isothermal adsorption experiments).
In addition to that, it would be very interesting to study the catalytic activity of the 
pure support materials closer, as they exhibited an improved CO oxidation activity.
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Appendix 1 - AGf calculations
Calculations AGf°
Values for AHf° are given in kJ/mol and for ASf° in kJ/(K-mol) [ll/chapter 2]. Data for PdO are taken 
from [10/Chapter 2]
AI2O3
AG° = AHf° -  ASf° -T
2/3 A120 3 
2H? + 0 2 ©
4/3 Al +  
2H9O
o 2 -(-1116 + 0.209 T) 
-499 + 0.113 T
2/3 A120 3 + 2H2
*
4/3 Al + 2H20 / -0.5 + 310.7-0.048 T
Ce203
AGf0 = A H f°- AS0 T
2/3 Ce20 3 
2H2 + 0 2
©
->
4/3 Ce + 
2H2O
o 2 -(-1196 +0.189 T) 
-499  +0.113 T
2/3 Ce20 3 + 2H2 -> 4/3 Ce + 2H20 / -0.5 + 348.3 - 0.038 T
CeO,
AGf0 = AHf° -  ASf° T
Ce02 
2Bb + O2
© Ce + 
2H20
o 2 -(-1086 + 0.209 T) 
-499  + 0.113 T
Ce02 + 2H2 Ce + 2H20 / -0.5 + 293.4-0.048 T
C e02 — Ce20 3
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Ce02 
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©
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0 2 / • 4/3 
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Appendix 1 - A G f calculations
C 02
2C + 0 2_
AG^ = AHf° -  ASf° -T 
/  -2 -396
-(- 233 - 0.168 T)
2 CO + 0 2 -> 2 C 02 - 558.5 +0.168 T
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Appendix 2 -  Calibration data for MFCs
6 %  CO in N2 -  flow rate range: 0 - 1 0 0  cm3(STP)/min
Set flow rate [cm3/min] 5.0 10.0 25.0 50.0 75.0 100.0
deviation [%] 0.26 0.32 0.10 0.22 0.20 0.27
1%  propane in N2 -  flow rate range: 0 - 5 0  cm3(STP)/min
Set flow rate [cm3/min] 2.5 5.0 12.5 25.0 37.5 50.0
deviation [%] 1.84 0.26 0.21 0.06 -0.01 -0.03
1%  NO in N2 -  flow rate range: 0 - 2 5 0  cm3(STP)/min
Set flow rate [cm3/min] 12.5 25.0 62.5 125.0 187.5 250.0
deviation [%] 1.71 0.64 0.32 0.24 0.16 -0.09
synth. air - flow rate range: 0 - 50 cm3(STP)/min
Set flow rate [cnr/min] 2.5 5.0 12.5 25.0 37.5 50.0
deviation [%] 1.10 0.39 0.16 0.22 0.21 0.19
C 0 2 -  flow rate range: 0 - 1 0 0  cm3(STP)/min
Set flow rate [cm3/min] 5.0 10.0 25.0 50.0 75.0 100.0
deviation [%]
---  — "
0.70 0.30 -0.10 0.23 0.33 0.39
N2 -  flow rate range: 0 - 5 0 0  cm3(STP)/min
Set flow rate [cm3/min] 25 50 125 250
|
375 | 500
deviation [%] 0.58 -0.22 -0.27 0.14 0.22 | 0.37
Appendix 2 - Calibration curves
H?-TPR calibration curve
The calibration was carried out by reducing different amounts of CuO. The given 
equation has been derived via linear regression.
peak area [A.U.]
Ot-TPO calibration curve
The calibration was carried out by injecting different volumes of 0 2/He. The given 
equation has been derived via linear regression.
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Appendix 2 - Calibration curves
NO analyser calibration curve
The calibration was carried out by dosing different levels of NO in N2 (flow rate: 500 
cm3/min) via the respective MFCs. The given equation has been derived via linear 
regression.
1200 T
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aQ.
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g
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200 400 600 
NOset [ppm]
800 1000 1200
CO analyser calibration curve
The calibration was carried out by dosing different levels of CO in N2 (flow rate: 500 
cm3/min) via the respective MFCs. The given equation has been derived via linear 
regression.
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Appendix 2 - Calibration curves
propane (GC -  FID) calibration curve
The calibration was carried out by dosing different volumes of propane in N2 
(composed via MFCs) using a gas-tight syringe (100 mm3). The given equation has 
been derived via linear regression.
40000 T 
35000 - 
30000 - 
J  25000 -
I  20000 -IE
« 15000<Da
10000 - 
5000 -
0 4 T T  r T r — ----------
0 100 200 300 400 500 600
propaneset [ppm]
N?Q (GC -  TCP) calibration curve
The calibration was carried out by dosing different volumes of C 02 in N2 (composed 
via MFCs) using a gas-tight syringe (100 mm3). The given equation has been derived 
via linear' regression.
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Appendix 3 -  BET isotherms
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Appendix 3 -  BET isotherms
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T E M  P H O T O G R A P H S
A: Pd/alumina prepared via final sol-gel route (introducing Pd(N03)2 into sol);
B: Pd/alumina prepared via incipient wetness impregnation;
C: Pd/alumina prepared via sol-gel route, using Pd(acac)2;
D: terbia-ceria-alumina support prepared via final sol-gel route;
E/F: Pd/terbia-ceria-alumina prepared via final sol-gel route (introducing Pd(N03)2
into sol);
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EDX spectra of three different sample regions for Pd/ceria-alumina.
Appendix 5 -  EDX spectra
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Appendix 6 -XPSresults CERIA
Pd/ceria-alumina (SG) 
O2 1073K /H 2295K
r Pd/cerla-alumlna (SG) 
j_ Hi 673K / 0 2 673K .
Pd/cerla-aiumina (SG) 
H? 1073K /  Oj 1073K
Pd/terbia-ceria-alumina (5wt% terbia) 
H2 1073K /  0 2 673K
( a ) CeAIO,
Pd/cerla-alumina (IMP) 
H2 1 0 7 3 K /0 2 673K
876 878 880 882 884 886 888 890 892 
Binding Energy /  eV
b in d in g  e n e r g y  ( « v )
Appendix 6 —XPS results PALLADIUM
Binding Energy / cV
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Appendix 7 -  Calculations 'Ceria siuface area ’
Assumptions: (i) ceria crystallites are cubes with n oxide ions on each side
(ii) each crystallite contains n oxide ions and Vin cerium ions
(iii) r(O 2") = 0.14nm
(iv) Crystallite size a = 0.280n [in mil]
number of capping oxide ions (Oc) per crystallite:
Oc = n3 -  (n -  2)3 = 6n2 -  12n + 8 (1)
number of H atoms (Hc) to reduce all present cerium(IV) ions:
2 C e 0 2 + H2 Ce20 3 + H20  (2)
H c _  2(6n2 -12n + 8)
~  3 ' /Ce n
The relation between surface area (A) and H2 uptake is given as [103, chapter 4]:
A  = 600 000/da (4)
with d: solid density (7 .1 3  g /cm 3)
a: crystallite size (a =  0 .28n  [in nm ])
, • H 1 6n2 -12n  + 8resolving (3): —  ~  =   --------
introduction of help variables:
